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Annually, farmers in southern Africa manage their land resources and prepare their fields
for cultivation by burning crop residual debris, with a peak in the burning season
occurring during August and September. The emissions from these fires in southern
Africa are among the greatest from fires worldwide, and the gases and aerosol particles
produced adversely affect air quality large distances from their source regions, and can
even be tracked in satellite imagery as they cross the Atlantic and Pacific Ocean basins.
During August and September 2000 an international group of researchers participating in
the Southern African Regional Science Initiate field experiment (SAFARI 2000) made
extensive ground-based, airborne, and satellite measurements of these gases and aerosols
in order to quantify their amounts and effects on Earth’s atmosphere.

In this study we interpreted the measurements of smoke aerosol particles made during
SAFARI 2000 in order to better represent these particles in a numerical model simulating
their transport and fate. Typically, smoke aerosols emitted from fires are concentrated by
mass in particles about 0.3 micrometers in diameter (1,000,000 micrometers = 1 meter,
about 3 feet); for comparison, the thickness of a human hair is about 50 micrometers,
almost 200 times as great. Because of the size of these particles, at the surface they can
be easily inhaled into the lungs, and in high concentrations have deleterious health effects
on humans. Additionally, these particles reflect and absorb sunlight, impacting both
visibility and the balance of sunlight reaching Earth’s surface, and ultimately play a role
in modulating Earth’s climate.

Because of these important effects, it is important that numerical models used to estimate
Earth’s climate response to changes in atmospheric composition accurately represent the
quantity and evolution of smoke particles. In our model, called the Community Aerosol
and Radiation Model for Atmospheres (CARMA) we used estimates of smoke emissions
based on field studies and observations made with the NASA Terra and TRMM satellites.
The meteorology used to calculate the transport was based on an assimilation of observed
meteorological conditions provided by the National Center for Atmospheric Research.
Our model was able to simulate much of the observed day-to-day variability in the smoke
aerosol loading observed over the continent by the NASA AERONET network of
ground-based sun photometers, suggesting that the observed variability is due more to
meteorology than to day-to-day variability in emissions. We compared the simulated
vertical profile of smoke concentrations with measurements made with NASA ground-
based (MPLNet) and airborne lidars (Cloud Physics Lidar) and the NASA Ames



Airborne Tracking Sun Photometer and found that to a good approximation the smoke
aerosols are emitted in a well-mixed layer near the Earth’s surface called the planetary
boundary layer. Because of the relative geographic sparseness of the AERONET,
MPLNet, and airborne observations, it is important to also look at the observations made
from satellites. Here we looked at observations of the smoke plumes made with the
NASA MODIS, MISR, and TOMS satellite instruments, all of which provide important
information about the quantity and distribution of aerosols present. These satellite
instruments see the aerosols in somewhat complimentary ways, and we found important
differences in their observed aerosol amounts, particularly over land, which highlights the
difficulty in making these measurements. Overall, CARMA compared well with the
observations available and we were able to constrain some of the parameters needed to
accurately simulate the evolution of the optical properties of smoke aerosols as they are
transported over long distances.
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Abstract

This study investigates the transport and optical properties of southern African biomass burning
aerosols using an offline three-dimensional aerosol microphysical and transport model. Here we
use Sun-photometer retrig:ved particle size distributions and monthly mean, satellite derived
smoke emissions as input parameters in our model. We find that using these observations in our
model allow us to reproduce the measured optical properties of smoke aerosols collected during
the Southern African Regional Science Initiative campaign (SAFARI 2000). In particular, we
find similér day-to-day oscillations in the simulated aerosol optical thickness (AOT) relative to
AERONET measurements, suggesting that variations in aerosol loading are controlled more by
transport processes than fluctuations in aerosol emissions. On a monthly basis, the model and
observations from the MODIS, MISR, and EP-TOMS show that the dominant transport of smoke
during September 2000 was westward towards the Atlantic Ocean. However, the observations
show higher AOT values over the ocean than the model. These higher values observed by the
satellites may be from the contribution of other aerosols or the condensation of gases onto the
smoke, which are not simulated in this study. These higher values may also be a result of poor
single scattering assumptions and/or the contamination of sub-pixel clouds in the satellite
retrieyals. At locations over Afripa, we find discrepancies in AOT comparisons among the model
and satellites which limits our ability in determining the performance of our model. We also
suggest strategies for improving the treatment of particle size ‘distn'butions of smoke aerosols in

microphysical models.



36

37

38

39

40

41

Index Terms: 0305 Atmospheric Composition and Structure: Aerosols and Particles; 0312
Atmospheric Composition and Structure: Air/sea constituent ﬂuxes; 0322 Atmospheric |
Composition and Struc;cure: Constituent sources and sinks; 0368 Atmospheric Composition and
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1. Introduction

Biomass burning is a significant regional and global source of aerosols and trace gases
[Crutzen and Andreae, 1990; Hao et al., 1990; Andreae, 1993]. The aerosols from both natural
and gntlmopogenic burning of vegetation impact atmospheric chemistry, the radiation budget, air
quality, and carbon cycling in ecosystéms‘. It is now well known that biomass burning fires emit
large amounts of carbon dioxide (CO5), carBon monoxide (CO), nitrogén oxides (NO,), methane
(CH,), nonmethane hydrocarbons (NMHC), oxygenated volatile organic compounds (OVOC),
and reduced nitrogen-containing species (i.e., ammonia (NHs) and hydrogen cyanide (HCN))
[Crutzen and Andreae, 1990 and Yokelson et al., 1996]. Some of these gases contribute to the
greenhouse effect or are involved in photochemical processes that will generate greenhouse
gases. In particular, biomass burning produces large amounts of CO (300 to 7 OO¢T 2(CO) y”]) and
NOX/ (~8 Tg(N) yr"), which are important precursors to the production of tropospheric ozone
(O3) [Seinfeld and Pandis, 1998]. Aerosols produced from biomass burning also influence the
radiative properties of the atmosphere. Directly, biomass burning aerosols affect the radiation
budget by scattering and absorbing shortwave (solar) radiation. Indirectly, these aerosols can
serve as effective cloud condensation nuclei (CCN) at supersaturations greater than 0.5% which

leads to the modification of cloud properties [Warner and Twomey, 1969]. IPCC [2001]

provided a summary estimate that the global mean radiative forcing due to biomass burniﬁg

aerosols is ~0.2 W m™> with an uncertainty as large as a factor of 3 and a “very low” level of
scientific understanding. Additionally, satellites often obServe ;mol%e plumes being transported
over intercontinental and continental scales, thereby deg;ading visibility not only at the smoke
source but also downwind of the smoke source [Pdsfai et al., 2003; Stein et al., 2003]. In

particular, the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) observed a significant smoke
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event, now referred to as the “River of Smoke,” [Annegarn et al. 2002] where aerosols from
biomass burning was transported over southern Africa and the Indian Oceaﬁ on 4 September
2000 as illustrated in Figure la. |

‘C'entral and southern Africa experiences the most extensive biomass burning in the world
[Scholes & Andreae, 2000]. It is estimated that approximately 49% of atmospheric carbon |
produced by fires worldwide comes from the savanna fires of Africa [Dwyér et dl., 2000; Scholes
& Andreée, 2060] with errfﬁssions ranging frem 80 to 785 Tg(C) yr ' [Scholes et al;, 1996,
Barbosa et al., 1999; van der Werf et al., 2003]. There have been substantial scientific efforts at
estimating smoke emissions, however the components (i.e., burned area, fuel loading, and
combustion factors) used to calculate the emissions are highly uncertain producing values that -
fa]l within a 1arge range. |

The Southern African Region’al Science Initiative campaign (SAFARI 2000)‘ was an
international scientific campaign to study land-atmosphere interactions in southern Africa duﬁng
the wet seasoh in 1999 and the dry season in 2000 [Swap et al., 2003] . One of the mﬁn
objectives of SAFARI 2000 was the characterization and quantification of regienal emission
sources from savanna burning using surface, aircraft, and remote sensing measurements of
aerosol chemical compositien, vertical distributions, refractive indices and particle size
distributions. During the early part of the dry season in August, these fires were prescribed as a

land management tool. The burning of wet soils at the beginning of the dry season produces low

fire intensities, which result in limited vegetation consumption and limited damage to the soil.

ngrmers burn extensively in the early dry season to achieve rapid nutrient release prior to the
new growing season and to stimulate regrowth of palatable grasses for their cattle. Early burning

is also used in national parks as a preventative measure against late dry season fires, which tend
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to be more intense and destructive. The estimated mean fire size, maximum fire size, and total .
burned area over Africa during the SAFARI 2000 campaign were 7.83 km?, 1458 km?, and
95,962 km?, respectively [Hély et al., 2003].

This paper focuses on modeling the transport and optical properties of biomass burning

aerosols over continental Africa during SAFARI 2000. The optical properties investigated here

include aerosol optical thickness (AOT), Angstrém exponent (o), single scattering albedo (SSA)
and vertical extinction profiles. Our first goal in this study is to determine suitable assumptions
about aerosol emissions, injection altitudes, and initial particle size distributions that reproduce
the observed optical properties of biomass burning aerosols. Our second goal is to better
understand the microphysics needed to accurately simulate biomass burning aerosol properties.
We conducted several simulations to investigate the model’s sensitivity to: the timing and
altitude of the smoke emissions; the transport of a particle size distribution; microphysical
processes; removal schemes; and smoke optics. These sensitivity tests will aid us in
understanding the parameters that control our model results.

Below, section 2 describes our model and input parametérs used to simulate the biomass
burning aerosols in our base simulation. Section 3 presents the results from our base simulation
and sensitivity teéts, and compares the results to observations made during SAFARI ZOOQ. Lastly
in section 4, we conclude with a discussion of the current ébility to successfully model bidmass

burning aerosols produced from savanna fires over continental Africa.

2. Model Description

2.1 Dynamical Component
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Our model is driven by meteorological fields derived from the National Center for
Atmospheﬁc Research (NCAR) Model for Atr%lospheﬁc Transport and Chemistry (MATCH)
[Rasch et al., 1997]. M‘ATCH is an offline chemical transport‘ model that uses wind,
teinperature, and pressure fields provided by the National Center for Environmental Prediction
(NCEP) reanalysis package (NCEP/NCAR reanalyses [Kalnay et al., 1996]) and the physical
parameterizations 'frOfn the NCAR Community Climate Model version 3 (CCM3) [Kiehl et al.,
1996]. The NCEP/NCAR reanalyses are ‘gridded at T63 horizontal resolution (appfoximétely
1.875° x 1.875°) with 28 vertical sigma layérs exténding f.rom the surface to approximately 35
km, and are available each day at 0000, 0600, 1200, and 1800 UTC. MATCH is ruh vwith half-
hour timesteps, and the input fields are linearly interpolatea to the current timéstep. Ateach
timestep MATCH employs the CCM3 physics to diagnose fields required to compute planetary

boundary layer transport, convective mixing, and cloud and precipitation fields. We archive

these fields every six hours for use in our aerosol microphysics and transport model. More details

-of our use of the MATCH derived fields are discussed in Colarco et al. [2003a].

2.2 Aerosol Transport Component

The global dynamical fields generated by MATCH are imported into our aerosol
microphysical, transport, and radiation model, which is a version of the Community Aerosol and
Radiation Model for Atmosphcreé (CARMA) developed at NASA Ames Research Center and
the University of Colorado [Toon et al., 1988; Ackerman et al., 1995]. CARMA and MATCH
have been previouély applied to threé-dimensional simulations of the transport and evolution of

dust and carbonaceous aerosols [ Westphal et al. [1991]; Colarco et al., 2002; 2003a, b; 2004].
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CARMA is a bin-resolving microphysical model that solves the aerosol continuity
equaﬁon for source, transport, removal and tran‘.sformation processes. The particle size
distribution in CARMA is treated using a number of discrete bins distributed in radius space. In
this study, the injected aerosols are distributed across 16 size bins spaced logarithmically
between 0.01 um and 10 um radius sizes. For the smoke injection, we use a bimodal lognormal
distribution based on ob.servations‘ (see section 2.6 and Figure 2). Additionally, only smoke
aerosols are transported in the model (i.e., no dust or sea salt aerosols). The model can include all
basic microphysical processes affecting aerosols; however in this study We only‘ consider
advection by winds, sedimentation, dry deposition, wet removal, coagulation, and prescribed
aérosol sources. These processes are described in Colarco et al. [2003a]. Briefly, the advective
and diffusive transports are solved using a mixed form of a numerically accurate, highly non-
diffusive piecewise polynomial algorithm [Collela and Woodward, 1984] and a semi-lagrangian
transport step following Lin and Rood [1996]. Particle transport by sedimentation and dry
deposition are incorporated into the vertical transport component through fall velocities and
deposition velocities, respectively. The fall velocity is. computed for each size bin following the
treatment by Pruppacher and Klett [1997]. The surface layer dry depo‘sition velocity is
calculated with a two-layer dry deposition model which accounts for sedimentation, molecular
diffusion, and turbulerﬁ deposition across the lowest model layer [Shao, 2000]. CARMA’S size-
dependent, wet removal (scavenging by precipitation) parameterization uses the cloud and
precipitation fields calculated in MATCH and is treated as a first order loss process as described
by Barth et al. [2000]. The coégulati'on of the smoke aerosols is treated via Brownian motion.
Here, our coagulation algorithm preserves the total aerosol volume but decreases the number

concentration of particles as small particles stick together. In general, coagulation modifies the
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particle S@ze distribution by increasing the mean radius of thé particle size distribution at a rate
approximately proportional to the air temperature, the square of the pérticle number
concentration, and the ‘inverse of the particle radius.

For this stud&, CARMA is run at the same terﬁpbral and spatial resolﬁtion as MATCH,
butona iimitcd area grid (180°W to 180°E and approximately 15°N to 6058). The model is run
for a number of simﬁlations in order to test sensitivity to Various parameterizations of sources
and transport processes. The input smoke sources are calcﬁlated off-line, and are described in the
next section. CARMA is driven for the period of August and September 2060 with half-hour
timesteps. Here, the 6-hr input ‘ﬁelds from MATCH are hnearly interpolated to the desired

timestep in CARMA. We include August to allow a 30-day spin-up time for aerosols in the

model, and analyze only the September results.

2.3 Smoke Source Component

In this study, we are interested in testing how our modeled smoke fields compare to
observations relatively near fire sources. The aerosol emissions used in the model were
intérpoléted from the Global Fire Emissions Database (GFED), which provides a global )1° x1°
gridded mohthly mean map of fire carbon consumption for the period January 1997 to December
2002 [van der Werf et al., 2003]. The carbon consumed was constructed using the Tropical
Rainfall Measuring Mission (TRMM) satellite and Visible Infrared Scanner (VIRS) hot spot data
[Giglio et al., 2002], Moderate Resolution Imaging Spectroraciiometer (MODIS) burned area
information [Kaufman et al.,_ 2003], and a spatially dependent relationship between fire counts
and biomass consumed developed from the Carnegie-Ames-Stanford Approach (CASA)

biogeochemical model. To convert carbon consumed due to fires into aerosol emissions for our
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model we assumed an emission factor of 10.0 g Total Particulate Matter (TPM) per kg of Dry .
Mass (DM) [Sinha et al., 2003], which is representative of savanna and grassland vegetation in
Africa assuming 45 % of the DM burned was carbon [Andreae and Merlet, 2001]. The smoke
emissions are sensitive to the emission factor, and there are uncertainties jn the GFED dataset
particularly with relation to the burned area estimates [van der Werf et al., 2003]. However,
sensitivity simulations with other emission datasets (e.g., Korontzi et al. {2003], not shown) yield
qualitati%/ely similar spatial distributions of tﬁe smoke sources. We also assﬁmed the fires emitted
aerosol at the same rate each day. Over the approximately hemispheric domain of the model, the
total aerosol emissions are about 4.52 Tg in August and 7.92 Tg in September, where
approximately 2.14 Tg and 3.51 Tg of the total emissions were produced over Africa in August
and September, respectively. Figure 3 shows the spatial distribution of aerosol emissions

interpolated to our model grid over Africa for September 2000, and the African locations

analyzed in this paper.

2.4 Smoke Optical Property Calculations

’We calculated the AOT, SSA, Angstrdm exponent, and vertical extinction profile of our
simulated smoke aerosol distributions using Mie theory [Wiscombe, 1979]. We represent the
aerosols as spherical “smoke” particles, making no assumptions about th<_3ir composition except
their density (1.35 g cm™ .[Reid and Hobbs, 1998]) and their refractive index. We are not awaré
of any data suggesting that the SAFARI aerosols were external mixtures, so our approach is
consistent with treating the aerosols as internal mixtures of absorbing and non-absorbing
components. For simplicity, we selected a wavelength independent refractive index. The

refractive index selected for the optical property calculations represents the mean complex

10
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refractive index of days dominated by smoke aerosols at Ndola, Zambia for the month of

September 2000 as retrieved by the Aerosol Robotic Netwbﬂ( (AERONET) [Holben et dl., 1998]

‘Sun-photometers (see Table 1 and Section 3.1.1 below). Our criterion for classifying smoke

dominated days was based oﬁ an analysis of the AERONET climatology of cloud-screened, -
quality assured aerosol optical thickness for southern African observations. Here we found that
thé monthly meah AOT at 500 nm [AOTsq] exceeded 0.3 duﬂhg months dominated by biomass
burning emissions. Accordingly, when the daﬂy average of AERONET observations show
AQOTs5q greater than 0.3, the day is claséiﬁcd as smoke dominated. Additionally, the
humidification of the smoke aerosols was treated in the optical property calculations following a

parameterization described by Magi and Hobbs [2003].

2.5 Base Model Description -

The input parameters used in our base model are summarized in Table 1. In our base
simulation, we assume the smoke particles have a lognormal size distribution using number
fractions (Nf), geometric median radii (ry), and standard deviations (o) retrieved by an
AERONET almucantar scan [Dubovik et al., 2000] at Ndolé, Zambia on 16 September 2000 (see
location in Figure 3 and details in Table 1). We selected this particular particle size distribution
because of the site’s proximity to emission sources and because it has the highést daily mean |
AOTsq of all the study sites in the smoke region during September 2000. This high optical depth |
suggests that it was dominated by locally generated smoke aerosols. Figufe 2 (solid black line)
presents the vertically column-integrated volume size distribution [um*/um?] used in the base
model. It is not clear that the AERONET particle size distribution selected here represents young

smoke (i.e., less than 3 minutes old {Haywood et al., 2003]). Rather, it is likely more

11
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representative of a mixture of young and moderately aged smoke, as well as contributions from.
other aerosols (e.g., dust), existing in different layers in the atmosphere. We find that a volume
size distribution fit to parameteré representative of young smoke (Haywood et al. [2003], grey
dashed line in Figure 2) has a narrower fine mode volume size distribution than the AERONET
retrieval, which suggests that the size distribution selected for our base model may not be
representative of only young smoke. On the other hand, the cbarseness of our fnodel’s spatial and
temporal resolution prohibits a detailed treatment of truly fresh smoke aerosols. Therefore, the
proximity of the Ndola site to emissioﬁ regions suggests that this site provides a reasonable
compromise between young and aged hazes at a scale our model can reasonably simulate.

Eck et al. [2003] observed significant diurnal variability in AOTSsq over six sites in
Zambia (Mongu, Ndola, Senanga, Mwinilur;ga, Zambézi, Solwezi) with a minimum AQTsgg at
0900 UTC and maximum at 1500 UTC. For southern Africa, the TRMM satellite, which makes
two overpasses every two dgys at the equator, also indicated a strong diurnal cycle in fire counts
in August and September with 2 maximum number of fires occurring approximately 3 hours after
local solar noon [Giglio et al., 2003]. To represent a diurnal cycle in our base model, the aerosol
emissions are concentrated during a 12-hour period between 0600 and 1800 UTC. Additionally,
the smoke emissions are ﬁﬁxed throughout the depth of the planetary boundary layer to account
for the convection and buoyancy associated with the heat and moisture in the fires [Liousse et al.,
1996; Lavoué et al., 2000]. The smoke emissions were evenly distributed between the surface
model layer and model layer associated withbthe top of the planetary boundary layer (PBL)
reported by MATCH. On average, the MATCH planetary boundary layer height (PBLH) at the

six study sites was lowest between 0000 and 0600 UTC, with heights at approximately 0.3 km,

12
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and peaked at 1200 UTC. The peak height of the MATCH PBL ranged between 1.5 km and 3.7

km.

3. Model Results and Discussion -

The simulated optical propertiés are compared td satellite, aircraft aﬁd ground-based
measurements made over southefn Africa during September 2000. For this study, the model
results are compare'd to data at six locations: Etosha Pan, Namibia; Inhaca, Mgzambique;
Mongu, Zambia; Ndola, Zambia; Senanga, Zambia; and Skukuza, South Africa (Figure 3).
These locations were selected based oﬁ the amount of available data obtained during the
SAFARI 2000 campaign and their proximity to Vaerosol source regioné.»

In section 3.1, we coxﬁpare the results from the base model to observations made during
SAFARI 2000, and discuss how well the initial input parameters used in our base model
represent the aerosol disiribuﬁons near the smoke source regions. Section 3.2 presents the results
from a series of sensitivity tests fo understand the influence the smoke source function and

microphysical processes have on the model results.

3.1 Results — Base Model
3.1.1 Comparisons to Ground-Based Optical Measurements from AERONET

During SAFARI 2000, there were 17 Sun-sky photometer sites active in southern Africa
as pért of the globally distributed, federated Aerosol Robotic Network (AERONET) [Holberi et
al., 1998]. T he standardized AERONET instrumentation measures the direct sqlar beam
tranémisSion to determine the column-integrated AOT, and additionally retrieves water vapor,

aerosol particle size distributions, and aerosol single—scattering albedo [Holben et al., 1998,;
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Dubovik et al., 2000]. In this study, we are using level 2.0 cloud-screened quality—assureddat‘a,
[Smirnov et al., 2000]. The estimated uncertainty in AOT ranges between +0.010 and +0.021,
which is spectrally dependeﬁt with higher errors in the UV [Eck et al., 1999]. The uncertainty in
SSA is estimated to be +0.03. The expected accuracy in the column-integrated volume size

distributions are approximately 15-25% for radius sizes between 0.1 pm and 7 pm and 25-100%

(or less than 10% of dV / d(In r) in maximum) for sizes less than 0.1 um and gréater than 7 pm
[Eck et al., 1999; Dubovik et al., 2000].

Figure 4 presents AERONET and simulated AOTs for each day in September 2000 at
the six African study sites noted above. We point out that the AERONET measurements are
essentially point measurements, while the resolution of our model grid box is approximately 200
km x 200 km. To make the model and measurements more comparable, we show all the
retrievals made by AERONET (asterisks) in a single day and the daily mean AOTsoo simulated
by the model. The solid line represents the results from the base model, and the dashed line
represents the results from a simulation where wé generated variable emissions on a daily basis
(see Section 3.2). Qualitatively, we find that simulated AOTsq falls within the daily range of
AERONET retrievals on most days, and illustrates a similar temporal variation. The day-to-day
fluctuations in the simulated AOTSsg are remarkable given the fact that the emissions used in the
model are released at a constant rate for the month of September. This suggests that the
oscillations in the simulated AOTsg are controlled more by. the variability in the meteorologiéal
co,nditions then the temporal and spatial variations in the fire activity. This has also been
observed by Myhre et al. [2003]. On days when the model does not agree with AERONET, the
model is generally underestimating the daily mean AOTsq0. However, at Etosha Pan we do find

that the model overestimates the daily mean in the latter half of the month.
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We also find that the timing and magnitude in the simulated AOTsoo compares better to
AERONET at Etosha Pan, Inhaca, Ndola, and Skukuza than af Mongu and Seﬁanga. Although
the model AOTsqo does not correlate well with the AERONET observations at Mongu and
Senanga, it is interesting to note that the model AOTsg ai Mongu is well correiated with the
model AOT at Senanga. This is nbt necessarily surprising since the two sites are within a couple |
of hundred kilometers of each other (i.e., adjacent grid cells). However, the fact that the
AFRONET observations at the two sites are also well correlated with each other suggests tha.t -
the aerosol loading at both locations is affected by dynamical and emission processes happening
on synoptic rather than local scales. MODIS (AOT550) reﬁevds from 4 — 6 September and 15 —
17 September (not shown) confirm the large-scale aerosol loading, where it shows AOTssg
values greater than 1.0, presumably associated with biomass burning, over a large portion of
Zambia which encompasses both of thesé sites. Comparing the MODIS observations on these
days to the model results (not shown) reveals that the model has the plume in the correct location
during the 4 — 6 September but underestiméteé the AOT relative to MODIS. However during the
15-17 Sepiember, the model plume is placed too far south reiative td MODIS, thereby causing
poor correlatiéns between the model and AERONET during this period. These results suggest a
problem with the model dynamics during this period, although it does not rule out that there ma};
be a major and perhaps episodic aerosol source not in the GFED dataset.

Figures 5 — 7 present scatterplots of simulated and AERONET daily mean AOT S50,
SSAu4, and Angstrém exponent [Ouaoiz70] on smoke dominated days at all six study sites,
respecti.vely. The correlation qoefﬁcient (R) and thé equation of the line of best fit are also
reported in each scatterplot. Although the model AOT is well correlated with the AERONET

observations (R=0.78, Figure 5), we find that the model underestimates the daily AOTse by up
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to a factor of 2 when AERONET retrievals are greater than 1.0. This may be a result of spatially
small, dense aerosol plumes observed by AERONET which cannot be resolved-in our model.

When we discard the AERONET observations greater than 1.0, we find that the correlation

coefficient increases to 0.81 and the slope of line of best fit is closer to 1 (slope = 0.80). In the

comparisons of daily SSA44 and Angstrém exponent, we find that the model results do not show
as much variability as the AERONET retrievals (Figures‘é and 7, respectively). Here the
simulated SSA44 ranges between 0.85 and 0.90, where the AERONET retrievals range between
0.85 and 0.95. Given the large uncertainty in the AERONET SSA retrievals (i.e., +0.03 and
represented by single bar at top-left corner of Figure 6), the model is within the measurement
error for SSA. The simulated Angstrém exponent ranges between 1.70 and 1.95, where the
AERONET retrievals range between 1.40 and 2.10. This difference suggests that our model is
not capturing the variability in the size distribution correctly. The model results may be
improved if we consider the condensation of gases onto the smoke aerosols, ar\ld the contribution
from other aerosol species that exist at these study sites (i.e., Aeolian dust, sea salt, and fossil
fuel combustion). The model’s sensitivity to initial size distribution will be discuséed further in
section 3.2.

Figures 8 and 9 compare the monthly meén spectral dep-endence of AOT and SSA (.e.,
how AOT and SSA changes with wavelength) of bsmoke dominated days for September 2000,
respectively. The asterisks connected with a dashed line represent the AERONET data and the
solid line represents the results from the base model. For the remaining portion of this paper, we
only discuss the results from Ndola and Inhaca since we find similar results at the other sites.
Etosha Pan, Mongu, and Senanga comparisons are similar to the results found at Ndola, while

the Skukuza comparison is similar to the results found at Inhaca. At Inhaca and Ndola, we find
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that the mean wavelength dependence of AOT simulated by the base model is similar to the
wavelength dependence retrieved by AERONET. The maximum difference between the model
and AERONET monthly mean AOT at all measured wavelengths is approximately 30% at both

sites. We find that the simulated waveleﬁgth dependence of SSA is comparable td AERONET at

- Ndola but not at Inhaca. At Inhaca, we find that the simulated monthly mean SSA is within the

uncertainty of the AERONET retrievals at wavelengths less than 870 nm. However, at
wavelengths greater than 870 nm, the model overestimates the absorption by approximately |
50%. Agaih, this suggests that our model is nolt capturing the variability in the size distribution
and/or refractive index correctly. Also note that the SSA is wavelength dependent. Here we find
that it is larger at shorter wavelengths for both the model and the data despite the refractive index
for the model being assumed to be wavelength independent. Further investigations of wavelength
independent and dependent refractive indices are discusséd in section 3.2. | -

The spectral dependence of the AOT lends important insight into the size distribution of
particles being considered. Using AERONET data, Eck et al. [1999] characterized the spectral
properties of African and Soutﬁ American biomass burning aerosols. A typical Iﬁethod of
inferring particle size information from Sun-photometer observations is to compute the
Angstﬁjm exponent (o), which requires the AOT retrieval at two wavelengths (see Eck et al.
[1999], equation 2) and représents the first derivative of the Variébility of loge(AOT)vversus
loge(wavelength). As defined, Angstrém exponent values néar 2.0 correspond to measurements
that are dominated'by small-sized parﬁcles (i.e., smoke aerosols), while values near 1.0
correspond to large-sized particles (i.e., dust an& sea salt). Since the major contribution to AOT
for biomass burning is from sub-micron, accumulation mode size particles, Eck et al. [1999]

recommend that the Angstrém exponent be computed from shorter wavelength pairs which have
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much greater sensitivity to accumulation mode size particles than from longer wavelength pairs.
To acquire information about the relative contributions of the accumulation and coarse mode
particles to the total AOT, Eck et al. [1999] aiso recommend computing a curvature term ()
which provides information on the second derivative éf the log.(AOT) versus log.(wavelength)
relaﬁonship. As defined in Eck er al. [1999], equation 8, larger (positive) values of the curvature
term indicate relatively larger contributions of accumulation mode versus coarse mode particles
to the total AOT. For biomass burning aerosols in Mongu, Zambia, Eck et al. [1999] find o0 =
1.21 for the 380 nm and 440 nm wavelength pair and a curvature value of o’ = 1.24.

Table 2 lists the monthly mean AOTsgg, (agoa0, &, SSAg0, SSAg70, SSAgyo, and SSA g0
of smoke dominated days at Inhaca and Ndola. To compute the derivative of the Zingstrém
exponent (o), we used wavelengths at 380, 500, and 870 nm. The AERONET observations at
both locations show similar Angstrém exponent values, which for this short-wavelength pair
indicate similar fine mode sizes, but very different curvature values. The slightly lower
Angstrém exponent and much lower curvature value at Inhaca relative to Ndola is consistent
with the known contribution of coarse mode aerosols at this location [Eck et al., 1999], while the
Ndola observations are more consistent with a biomass burning dominated site. The base model
results at both locations are similar to each othe;, and the model agrees reasonably well with the
observations at Ndola, but undereétimates the coarse mode contribution to the AOT at Inhaca.
The fact that the model underestimates the coarse mode contribution to AOT at Inhaca is not
surprising since we are not simulating the sea salt and dust aerosols, which is likely to explain
the observations. As shown in Figure 9 and reported in Table 2, the model is sﬁgﬁ.tly less
absorbing at Ndola and Slightly more absorbing at Inhaca compared to AERONET. However, the

model SSA is within the uncertainty of the AERONET retrieval error bars at all wavelength
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384  retrievals, except for the 1020 nm wavelength retrieval at Inhaca. The 1020 nm retrieval may be
385  understood as due to the coarse mode aerosols explained above.

386 | |

387  3.1.2 Comparisons of Vertical Extinction P}oﬁles frorﬁ Airborne and Ground-Based

388  Measurements |

389 During SAFARI 2000, tﬁe rNASA 14-channel Ames Airborne Tracking Sun-photometer
390 (AATS-14) was operated aboard the University of Washington’s Convair-580 research aircraft
391  [Schmid et al., 2003]. The AATS-14 made measurements‘of smoké originating from ﬂaming
392  grass fires occurring at ‘several locations in central and southern Africa. The AATS-14 measuréd
393  the transmission of the direct solar beam for 14 discrete wavelengths from 354 nm to 1557 nm
394  from which the spectral AOT can be derived. In general, the AATS-14 pfofﬂes showed that most
395 orallof the aerosols were below 4 km with extinctions at 525 nm as large as 0.35 km™ during
396  the SAFRI 2000 campaign [Schmid et al., 2003]. Depending on synoptic conditions, some

397  profiles showed multiple-layers, where an aerosol layer would be present between the surface
398  and approximately 1.5 km and an additional layer between 2 km and 4 km [Schmid et al., 2003].
399 The Cloud Physics Lidar (CPL) also made measurements during the SAFARI 2000

400 - campaign. The CPL was built for use on the NASA ER-2 high-altitude aircraft. This instrument
401 provides information on cloud height and structure as welll as aerosol optical thickness, and

402  operates simultaneously at 3 wavelengths: 355 nm, 532 nm, and 1064 nm [McGill et al., 2003].
403  The CPL fundamentally measures range-resolved profiles of volume 180-degree backscatter
404 . coefficients, with a vertical regoluﬁon fixed at 30 m. During SAFARI 2000, the CPL profiles
405  showed that most of the aerosols were below 4 km with extinctions at 532 nm as 1arge as 0.8

406  km™! [McGill et al., 2003].
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The Micro-Pulse Lidar (MPL) was also operational during the SAFARI 2000 field
campaign [Spinhirne et al., 1995]. The MPL is a single éhannel (523 nm), autonomous, eye-safe
lidar system originally developed at the NASA Goddard Space Flight Center. Several
instrﬁments are collocated with AERONET Sun-sky radiometers as part of a global lidar hetwork
(MPLNET, Welton et al., [2001]). The MPL is used to determine the vertical structure of clouds
and aerosols to produce optical properties, such as extinction and optical depth profiles of the
clouds and aerosols. The MPL profiles at multiple African locations generally showed most of
the aerosols below 4 km Wit'h extinctions at 523 nm as large as 0.3 km™.

Figure 10 compares the simulated mean vertical extinction profiles at 525 nrﬁ to
measurements collected by the AATS-14 and CPL at comparable waveleﬁgths (i.e., CPL at 532
nm) at Mongu and Seﬁanga, Zambia on 6 September 2000. In this figure, the simulated mean
extinction profiles represent the average model results at 0600 and 1200 UTC, the CPL profiles
represent the average of four samples taken between 0800 and 1100 UTC (black lines), and the
AATS-14 profiles represent a single sample (red lines). The blue lines are the results from the
base model, and the green lines are results from a sensitivity study testing different injection

height strategies (see Section 3.2). In general, we find that the results from the base model

compare well to the observations at the selected African locations. Again, we find similarities in

" the simulated and observed vertical profiles at both sites which may be associated with a large-

scale smoke event. HoWever, the AATS-14 measurement observes a well defined smoke laye;
between 2 km and 4 km where the base model does not. This may be a result of excess mixing in
our model, which is possibly related to the excessively coarse vertical resolution in the model. It

is however difficult to draw conclusions about the behavior of the model from single smoke
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events such as these aircraft samples since they may have detected isolated plumes on a scale

much smaller than the modei resolution.

Figure 11 compéres the simulated mean vertical extinction profile at 525 nm to the mean
MPL measurements at 523 nm at Skukuza, South Africa. We are using level 1.5a data pr;)ducts
from MPL (real-time cloud and aerosol data). The computed mean includes all days when MPL
was operational (i.e., 1-3, 6,7, 9, 10, 13, 14, 17 September 2000). The dashed line represénts’ the
MPL measurements and the remaining lines represent the results from various model
simulations. In this section, we are only concerned with the solid black line whiph represents the
results from the base model. Here we find that the base model results compare very Well to the

MPL measurements.

3.1.3 Comparisons to Spaceborne Measurements of Aerosol Optical Thickness -

Figure 1b shows the simulated daily meaﬁ AOT at 550 nm on 4 Septembér 2000, the
same day as the SeaWiFS satellite image shown in Figure 1a. Here we find that the model
produces a similar pronounced aerosol transport corridor across southeastern Africa and over the
Indian Ocean or the “River of Smoke”. Qualitatively, this simple comparison demonstrates our
model’s capability of transporting smoke aerosols properly on a single day.

Figufes 12 — 14 compare the simulated monthly mean AOT from the base model to the.
retrieved AOT kfrom polar orbiting satellite platforms: the Moderate Resolution Imaging
Spectroradiometer (MODIS) [Kaufman et al., 1997; Tanré et al., 1997], the Multiangle Imaging
Spectroradiometer (MISR) [Diner et al., 1998; Martonchik et al., 1998, 2002], and the Total
Ozoné Mapping Spectrometer onboard the Earth Probe satellite (EP-TOMS) [Torres et al.,

1998], respectively, over southern Africa for September 2000. MODIS and MISR are both flying
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on the NASA Terra spacecraft, with an equator crossing time of approximately 10:30 AM and -
10:30 PM local time. Both instruments therefore have similar temporal coverage, although their
fields of view are somewhat different, reflecting the different capabilities of each instrliment.

The EP-TOMS instrument has equator crossing times of about 10:00 AM and 10:00 PM local
time: For all three instruments only the day-lit observations are useful for obtaining AOT
retrievals._ From theoretical sensitivity studies, the estimated uncertainty in the AOT for MODIS
is the larger of +0.05 and [+ 0.2AO0Ts;sp] over land and +0.03 and [+ 0.05A0T5ss0) ovér ocean
[Kaufman et al., 1997; Tanré et al., 1997], for MISR it is the larger of +0.05 and [+0.2A0T 55
over the land and ocean [Kahn et al., 2001], and for EP-TOMS it is the larger of +0.1 and
[+0.3A0TSsgo] over land and ocean [Torres et al., 1998].

In order to quantitatively compare the satellite retrievals to our model IWe’developed an
ad hoc aggregétion and sampling strategy for computing the monthly mean of the satellite
retrieved AOT. The retrievals are typically available at a much higher spatial resolution than our
model: 10 x 10 km? for MODIS, 17 x 17 km? for MISR, and approximately 24 x 24 km?® for EP-
TOMS. These are commonly referenced as “Level 27 products. The various satellite retrievals
are also generally available in a gridded (“Level 3”) product which typically has a 1° x 1° spatial
resolution, but the quantitative validity of these products when used to construct a monthly mean
can be slightly dubious in situations where only a few number of pixels (others being cloud- or
glint-obscured) dominate the monthly mean. For this reason, our goal in this section is to
develop a method to qﬁantitatively compare the satellite retrievals to our model and the satellites
to each other by constructing dur own gridded product from the Level 2 retrievals.

Our approach was to first aggregate the retrievals at their native resolution to our model

grid for each day, eliminating all but the highest quality pixels (based on quality assurance flags
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or other inférmation associated with the retrieval product). This way we find the average
retrieved AOT in each model grid box on each day,' as well as the number of retrievals available
and the standard deviaﬁon about the mean. The monthly mean at each grid box was constructed
from the daily averaged grid box values, but only using days Wthh exceeded éome threshold
number of valid retrievals (the pixel threshold, eliminating grid boxes which are dominated by
only a few retrievals). The pixel threéhold value is a function of the satellite instrument (i.e., we
require more pixels for the high resolution MODIS and fewer for the low resolﬁtion TOMS) and
the satellite repeat cycle (near daily coverage for MODIS versus the 7 -8 day» repeat cycle for
MISR). The monthly mean at each grid box is then the mean of the daily values paséing the pixel
threshold test, weighted by the number of pixels per day. This strategy is applied in an ad hoc .
manner in the sense that we selected each satellite’s pixel threshold by iteration, selecting where
small variations in the pixel threshold did not lead to significant changes in our computed
monthly mean. Accordingly, the pixel threshold for each sensor is: 15 for MODIS, 5 for MISR,

and 3 for EP-TOMS. Finally, the model AOT was sampled near the satellite overpass time and

- only where the satellite daily grid box averages passed the pixel threshold test. The model

monthly mean was then constructed by weighting it in the same fashion as the satellite monthly
mean.. Thus, for each satellite we have a unique monthly mean of the model AOT which can be
compared to the satellite retrieval at the model resolution.

To assess our sampling and aggregation method, we compared our MODIS resuﬁs to the

MODIS Online Visualization and Analysis System (MOVAS) product (not shown)

~ (bttp://g0dupOSu.ecs.nasa.gov/Giovanni/) and found that the patterns in the rrionthly mean AOT

are qualitatively consistent between the two products. While we have not fully evaluated this

technique, it addresses the non-trivial problem of scaling and aggregating high resolution
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satellite observations for quantitative comparisons to relatively coarse resolution simulations. -
Our work here is ongoing [Colarco et al., in preparation, 2006].

Qualitatively, the satellites (Figures 12 ~ 14) all show a similar aerosol feature over the
same portion of southern Africa and eastern Atlantic Ocean (from approximately 0° to 30°S and
12°W to 40°E). Over land, we find that the peak mean AOT observed by the satellites ié fufther
north and east (southwestem Zaire) relative to the base model (northeastern Angola). Over the
ocean, we find that all the satellites detect higher monthly mean AOT values over the eastern
Atlantic Ocean (approximately 5°S to 15°S and 0° to 15°E) relative to the base model. Despite
differences in magnitude, the model agrees with the satellite retrievals in the general placement
of the smoke plume. The hatched marks in Figures 12 — 14 represent locations with “No Data”
(N.D.) or locations that did not pass the sampling requirements discussed above. MISR and EP-
TOMS have more locations with no observations than MODIS which may be a rZasult of the
temporal and spatial coverage (i.e., larger pixel size) of each satellite.

To quantitatively éompare the satellite observations to the model, Figures 15 — 17 show
scatterplots of the satellite versus model monthly mean AOT shown in Figures 12 — 14, Here we
separate the comparison by land and ocean pdints. This division is particularly relevant for
MODIS, which explicitly uses a different inversion algoﬁthm over land than over ocean, but it
also lets us compare the MISR and EP-TOMS performance over these two different éurfaoe
classifications. The dashed lines represent the 1-to-1 line and the solid lines represent the line of
best fit. The correlation coefficient (R), the equation of the line of best fit, and the number of
locations (listed in parentheséé) are also repoﬁed in each scatterplot. For clarity, we grouped the
uncertainty in the data into intervals of 0.2. Here, the error bars represent the average uncertainty

in the data at each interval. In general, we find that our model results are linearly correlated to

24



521
522
523
524
525
526
527
528

529

530 .

531

532

533
534
535
536
537
538
539

540

541

542

the satelljte 'observations, with stronger correlations over the ocean. Additionally, we find that
the model has lower AOT values compared to all the satellite products, with larger
disagreements in the océan compérisons. Over land, we find that the model and MISR agree the
best with the strongest correlations and slope nearest to 1. However over the ocean, we find that
the model agrees best to MODIS. We also find the largest disagreement between the model and
EP-TOMS AOT over the ocean (i.e., weak correlation and significant offset in the slope of thé
line of best fit) whicﬁ may be a reéult of the aséumptions being made in the EP-TOMS retrievals.
In partiéular, unfiltered sub-pixel clouds may be contributing to th¢ larger AOT signal.

There are at least three issues that could explain the model’s lower AOT values over the
ocean. First, our sampling and aggregation strategy incorporated fewer pixels in a model grid
box per day over the ocean than land due to sunglint (particularly in MODIS retrievals) and
persistent cloud cover in certain regions, 50 we may be biased in that regard. Over land the
average number of pixels in a model grid box per day during September 2000 was: 107 for
MODIS, 48 for MISR, and 9 for EP-TOMS; while over the ocean: 84 for MODIS, 40 for MISR,
8 for EP-TOMS.

Second, the model may be deficient in that we are neglecting other important aerosol
species, such as sea salt and dust. The me;an Angstrom exponent at the 470/670 nm wavelength
pair retrieved by MISR and MODIS during September 2000 over this region ranged between 0.2

and 1.4. These values are commonly associated with large particles suggesting that dust and sea

- salt aerosols may be contributing to the higher AOT values, which would not be seen by our

model since we are not simulating these aerosols. In addition, the model may not be properly

accounting for significant microphysical evolution of smoke particles through, for example,
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condensation of gases within the sméke plume, or the humidification of the smoke aerosols
(discussed in more detail in section 3.2).

A third point is that the high monthly mean AOT values detected by the satellite
instruments over the Atlantic Ocean may be due to complications and/or errors in the sa_teﬂite
retrievals. A study completed by Ichoku et al. [2003] suggested that the global constant SSA of
0.90 at visible wavelengths assumed in the smoke aerosol reﬁrievals by MODIS is too high.
Rather a SSA of 0.86, or smaller for fresh smoke aerosols, is more representative of biomass
burning aerosols over southern Africa. Additionally, it is known that this region of the world has
persistent, extensive stratus decks. The mean reflectivity from EP-TOMS. for September 2000
indicates high levels of reflectivity (~25 to 50%) over this region suggesting that unfiltered sub-
pixel clouds may be contributing to the high AOT feature over the Atlantic Ocean. |

Since we observe inconsistencies in the comparisons between the model ;esults and
satellite observations, we compared MODIS to MISR (Figure 18). Figure 18 scatters the monthly
mean AOT555 of MODIS versus MISR at tﬁe model resolution over the land and ocean. The
monthly mean of the MISR and MODIS data was calculated by first aggregating the Level 2
products to our model grid fof each day using the same pixel thresholds discussed above. The
monthly mean at each grid box was then constructed from the daily averaged grid box values
where both MODIS and MISR made retrievals. The correlation coefficient (R), the eqﬁation of
the line of best fit, and the number of grid points (listed in parentheses) are reported in each

scatterplot. Again, the error bars represent the average uncertainty in the data at each interval of

0.2. In general, we find that the datasets compare well over land and ocean with high

correlations, low offsets and slopes near 1. However, MISR is lower than MODIS by

approximately 25% over land and approximately 10% over the ocean. Abdou et al. [2005] found
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similar comparisons between MISR and MODIS data collected during three months of 2002
(March, June, and September). Since the satellite AOT observations are in good agreement over
the ocean, the model iS’mOSt likely missing information ébout the aerosols. However, the
disagreement in the satellite AOT observation‘s‘over land does not provide us with enough
information to determine if the model is quantitatively doing a poor job.

To better understand the model’s capability over land, we compared the simulated mean
AOT to MISR, MODIS, and AERONET at the six study sites (Table 3). Note the satellite
instruments should not be compared to AERONET quantitatively in this case since they have
been degraded to our model resoluﬁon. Direct comparison of the satellite to AERONET is more
correctly done using the higher resolution Level 2 products and examining the temporal
correlation between the satellite and AERONET observations (e.g., as was done for MODIS in
Ichoku et ai. [2003]). Table 3 shows the simple mean of all days in the month where the MISR,
MODIS, and AERONET datasets overlap, with AERONET and the model sampled as close to
the satellite overpass time as possible. For AERONET, the mean represents the average of
retrievals made within an hour of Terra’s overpasses time (i.e., between 800 UTC and 1000
UTC), while the model average represents the results at 1200 UTC. Here we fmd that the model
compares best to MISR at four of the six study sites (Etosha Pan, Mongu, Ndola, and Senanga)
and compareé best to MODIS at the remaiﬁing two sites. However, the model is consistentiy
higher than MISR and lower than MODIS. Compared to AERONET, the model is lower at alll
sites except at Skukuza. Additionally, we find that MISR AOT is always lower than MODIS M
AOT. As noted above in section 3.1.1, we found that the opticai properties at both Inhaca and
Skukuza were different from the other sites since they are inﬁuenced by other aerosol sources

(i.e., dust and sea salt). Therefore, we find it interesting that the model compares best to MODIS
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at Inhaca and Skukuza, whereas the sites that are more clearly dominated by smoke compare
better to MISR. Since the model behaves essentially the same at all sites, this discrepancy in the
comparison of MODIS and MISR probably reflects ﬁe differences in the retrieval techniques.
This relationship may suggest that MISR is less sensitive to coarse mode particles, such as the
aerosols found at Inhaca and Skukuza, while MODIS is not. These results may also suggest that
the algorithms used by MISR may be more appropriate for retrievals that are dominated by a
single aerosol source, where the MODIS algorithms may be more appropriate for retrievals with
multiple aerosol sources.

Since the EP-TOMS AOT is only provided at 380 nm, we constructed T able 4 to
compare the model to the EP-TOMS and AERONET observations at the six study sites. Again to
be consistent in the comparisons, the mean only includes days when all the instruments made
retrigvals, with AERONET and the model sampled as close to the satellite overpass time as
possible. For AERONET, the mean represents the average of retrievals made within an hour of )
the Earth Probe’s overpass (i.e., between 930 UTC and 1130 UTC), while the model mean
represents the results at 1200 UTC. Hcfe we find that the model mean AOT3gy compares best to
AERONET at four of the six study sités (Etosha Pan, Inhaca, Senanga, and Skukuza). However
the model has lower mean AOT;3g, values at all sites except at Inhaca. We also find that the
model is either higher or lower relative to the EP-TOMS mean values at the selected study sites.

In this section we developéd a method for quantitatively comparing the satellite retrieved
AOT to the model. In general, we find that the modd underestimates the AOT relative to all the
satellite datasets. The model agrees best with MISR over land, MODIS over the ocean, while

agrees the least with EP-TOMS AOT retrievals over both land and ocean. We also find that

MODIS and MISR agree better over the ocean than over the land, despite them observing the
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same scenes. These results may reflect the strengths and weaknesses of each satellite. A general
problem found with all satellite sensors is sub-pixel cloud contamination, and is perhaps the
worst with EP-TOMS because of its large pixel size. The better agreemcﬁt between MODIS and
MISR over the ocean suggests that the satellite algorithms use similar assumptions to retrieve the
AOT. As Figure 18 indicates and noted in Table 3, MODIS gnd MISR do not agree with each
over the land, and the model AOT compares better to MISR at Etosha Pan, Mongu, Ndolya, and
Senanga but better to MODIS at Skukuza and in_haca. In the context of the AERONET |
observations we have already found that Skukhza and Inhaca are influenced by multiple aerosol
sources and characterized by having more coarse mode aerosols than the othér sites. This

suggests that the various satellite retrieval algorithms have divergent capabilities in detecting the

variability in the aerosol optical properties across the six land sites explored here. Over land sites

dominated by ﬁhe mode aerosols, presumably smoke aerosols, we might reasonably expect more
confidence in the MISR retrieval because of fewer assumptions on the behavior of the surface
reflectance characteristics. However at land sites with multiple sources of coarse mode aerosols,
most likely dust and sea salt aerosols, we might expect more confidence in MODIS because of
its wider spectral range. In the end, the discrepancies between the satellites over land mean that it
is unclear how well the model is really doing. O;/er the ocean, the better agreement between
MODIS and MISR and the consiétently smaller AOT in the model relative to those sensors
suggests important contributions from other aerosol sources which are being neglécted in the

current version of the model.

3.1.4 Comparisons to EP-TOMS Aerosol Index
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In this section, we compare the results from the base model to the aerdsol index (AI)
retrieved by EP-TOMS for September 2000 [Torfres et al., 1998]. Briefly, the Alis a rneasﬁre of
the Wavelength-dependént reduction of scattered radiance by aerosol absorption relative to a pure
Rayleigh scattering atmosphere. The aerosol index is defined so that positive values generally -
correspond to UV-absorbing aerosols and negative values correspond to non-absorbing aerosols.
However, when absorbing aerosols are at low altitudes (1.5 km or less), the contributioﬁ from
absorption is masked by the relatively more dominant Rayleigh scattering, resulting in negative
values of AL Theoretically, the aerosol index has a nearly linear relationship to AOT (for
AQOT;gq less than about 2) if the aerdsols have a constant altitude and single scattering albedo
[Torres et al., 1998, Hsu et al., 1999]. Hsu et al. [1999] showed that the EP-TOMS AIV
rﬁeasurement:s were linearly proportional to the AOT3gq derived independently fr/om AERONET
Sun-photometer measurements over regions of biomass burning at Mongu and Zambezi, Zambia,
between July and October of 1996 and 1997. However, their relationship cannot be directly
compared in our study because of changes in the definition of the TOMS Aerosol Index in the
most recent version 8 of their algorithm [O. Torres, personal communication], resulting in higﬁer

Al values for a given AOT. For this reason, we determined a new relationship between Al and

AQOT5gq retrievals from AERONET made within one hour of the EP-TOMS overpass time at the

study sites dominated by smoke in southern Africa (i.e., Etosha Pan, Mongu, Ndola, and
Senanga) during September 2000. Here we found Al = O.83>?AOT380 -~ 0.4, with R = 0.66.

In Figure 19 we scattered the monthly mean AI against the simulated monthly mean
AOTs3g. Here we restricted thé geographic domain to a region dominated by biomass burning
aerosols (i.e., 5°S to 20°S andle"W to 35°E) and then separated the comparison by land (left

column) and ocean (right column) points. The monthly mean Al was constructed using the Level
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2 Aerosol Index product and same sampling method used to construct the monthly mean EP-
TOMS AOT values. Here the model AOTsgy was sampled near the satelljte overpass time, and
only where the satellité daily grid box averages passed the pixel threshold test. The correlation
coefficient (R), the number of locations (listed in parcntheées), and equation of the line of best fit
are reported in each scatterplot. In general, we find that our model results are linearly correlated
to the aerosol index, with stronger correlations over the ocean. The model’s regression line over
land is not similar to that observed in the AERONET AOT3gpand EP-TOMS Al comparison
discussed above (dashed line in Figure 19). The disagreement in the regression lines may be due
to the model underestimating the AOT. As indicated above, when AERONET retrievals are |
greater than 1.0, the model underestimates the AOT by up to a factor of 2. The disagreement may
also be due to the influence of other aerosol constituents that we are not simulating. Additionally,
we find that EP-TOMS shows a larger AIY over the ocean than over the land. Knowing that our
simulations show smoke plumes rising in altitude as they move off the coast of Africa and that
EP-TOMS observations are most sensitive to aerosols that are well above the surface, we would |
expect to see a larger signal by EP-TOMS off the coast, even though the column AOT may be
greatest over the continent. The strong signal over the ocean may also be a result of sub-pixel
cloud contamination (discussed above) or the age of the smoke aerosols where the condensation

of trace gases cause the aerosols to become more absorbing.

3.15 Comp?zrisons to Airborne and Ground-Based Measurements of Particle Size Distributions
In this section, we compare our simulated particle size distributions to AERONET
retrievals and Passive Cavity Aerosol Spectrometer Probe 100X (PCASP) measurements. The

AERONET column-integrated aerosol volume size distributions are obtained from the Level 2
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AERONET product which uses the application of the Dubovik and King [2000_] algorithm to
spectral almucantar sky radiances and spectral AOT from the CIMEL Sun-sky radiometers. The
PCASP instrument was onboard the C-130 of the UK Met Office airplane which flew within
smoke source regions at altitudes between 208 m and 1000 m above grouﬁd level (AGL) during
the SAFARI 2000 field campaign [Haywood et al., 2003]. .

Figure 20 compares the daily mean simulated (solid line) and AERONET (dashed line)
column-integrated volume size distributions at Etosha Pan on 13 September 2000. The model
size distribution is normalized to the fine mode volume concentration of the AERONET
refrieval. Compared to AERONET, we find that the model’s fine mode is broader. and has a
larger fine mode median radius. Additionally, the simulated volume distributioﬁ of particles with
radius sizes greater than 2 pm is up to a factor of 5 lower then AERONET. Knoviing that Etosha
Pan is influenced by sea salt and dust aérosols, which are large pz;rticles, the high coarse mode
volume concentrations retrieved by AERONET may be a result of these aerosols. Since we are
ﬁot simulating these aerosol sources, the model results will not be able to capture the high
volume in the coarse mode. On the other hand, the base model is initialized with much higher
volumes of coarse mode particles (Figure 2 — solid black line). This suggests that the model is

either removing too many large particles or we are making incorrect assumptions about the

smoke partiéle properties (i.e., density and shape), which is subsequently removing large

particles too quickly. Further investigation of this issue is discussed in section 3.2.

Figure 21 corﬁpares the daily mean volume size distribution simulated by the base model
(solid line) to the volume size distribution fitted to parameters reported by Haywood et al. [2003]
which are representative of average PCASP measurements made in aged smoke plumes between

208 m and 294 m AGL (dashed line) at Etosha Pan on 13 September 2000. The model size
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distribution is normalized to the fine mode volume concentration of the PCASP measurement.
Again, we find tha-t the model’s fine modé is broader and has more larger-sized fine mode
particles than the PCASP measurement. However, the volume of particles with radius sizes
greater than 1 pm is approximately a factor of 3 greater than PCASP, and the peak of the coarse
mode simulated by the base model is shifted fowards larger particles. Since the PCASP>
instrument was flown through relatively young smoké aerosols, the measurement may show
larger volumes of particles at smaller radius sizes than the model. On the other band, since the

model was initialized with a particle size distribution representative of young and aged smoke,

by this time the size distribution has had time to grow and coagulate resulting in larger volumes

of particles at larger fine mode radius sizes relative to PCASP. Seeing that the model
overestimates the coarse mode particle mass relative to the elevated altitude PCASP
measurements but underestimates the coarse mode mass relative to the column-integrated
AERONET retrieval suggests that the coarse mode particles observed exist primarily near the

surface and may not be transported over long distances.

3.2 Resz{lts ~ Sensitivity Tests

A series of sensitivity tests were conducted to understand the influence of various
assumptions made in our model on the generality of our results. We partition these tests into two
basic divisions. First, we consider a series of tests exploring the Sensitivity of the model aerosol
source to the timing and injection altitude of smoke emissions (Section 3.2.\1). Second, we |
consider a series of tests explpring the sensitivity of the mbdeled aerosol properties to various

assumptions about the particle microphysics, including initial particle size distribution, aging,
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removal, and particle optics (Section 3.2.2). Each test is assigned a name, and a summary of the

names and variances in each test are presented in Table 5.

3.2.1 Sensitivity of Simulated Aerosol Distributions to Timing and Injection of Emissions
In this section, we investigate how implementing a fluctuating daily emissions dataset,

different aerosol emission injection altitudes, and diurnal cycle influences the model results.

3.2.1.1 Sensitivity to Daily versus Monthly Aerosol Emissions

An issue with using the GFED dataset is that it only provides mqnthly mean carbon
§:missions. An emission inventory with a finer temporal resolution may be important for
realistically specifying the temporally varying simulated smoke optical propertiés. Therefore,
rather than constantly emitting the same amount of aerosols throughout the month, we generated
aerosol emissions that fluctuated day-by-day. The fluctuating daily aerosol emissions were
constructed by correlating the emissions provided by the GFED to the Along Track Scanning
Radiometer (ATSR) daily hot spot data. ATSR is a low-resolution sensor onboard the European

Remote Sensing (ERS-2) satellite launched in April 1995 and has been used for fire location

’ identification and environmental monitoring at visible and infrared wavelengths [Arino, 1995].

Here, we aggregated the daily ATSR hot spots to the same grid used in our model and emission
source. The daily emissions for each grid cell are found by multiplying the monthly totalt
emissions from the grid cell by the fraction of the monthly total fires occurring in the grid cell on
that day. Potentially this underestimates the number of days on which our fires are active
because heavy cloud or aerosol cover may mask fire ho£ spots that would otherwise be identiﬁéd.

On the other hand, the coarseness of the model grid might obviate this problem so that in an
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average sense the day-to-day variability of fires occurring in the grid cell is about right. We note
that the monthiy mean emissions provided by the GFED dataset were constructed using the
TRMM firecounts. However, we cannot use the TRMM firecounts here because of its irregular
repeat cycle over a given region, which would cause it to sometimes miss a day entirely. In the
rr}onthly average sense, TRMM may be more useful because it sees more of the diurnal
variability in emissions. We also hote that we cannot use MODIS firecounts in this test because
of problems with the MODIS detectors associated with hotspbt detection during this time period
[http://modland.nascom.nasa. gov/cgi-bin/QA_WWW/anlagPage.cgi?sét=terra].

In Figure 4 we compare the AOTSsyo simulated in this daily emissions case (referred to as

Daily Emissions and represented by the dashed line) to our base model and AFRONET

- measurements. This comparison shows that fluctuating the aerosol emissions through the month

does have some impact on the day-to-day variability of the aerosol load, particularly at Mongu,
Ndola, énd Skukuza. However in some cases, the AOTsy comparison in our Daily Emissions
test is worse, suggcsting that simply using hot spots to scale the gridded GFED emissions may
miss important variables that determine the actual day-to-day emissions, such as the size of the
fire, the vegetation burned, or the diurnal cycle of emissions. Furthermore, this case cannot be
used to explain the missing aerosol in the model in mid-September at Mongu or Sénanga,
suggesting that there is either a missing source in the GFED or the model meteorology is
somehow incorrect in this region at this time. Still, the Daily Emissions case and the base case
are more similar than they are different, suggesting that the variation in the numbers of fires and
timing of the fires throughout the fnonth are not as important as the variability in the

meteorological conditions for the local AOT'spo.
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3.2.1.2 Sensitivity to the Diurnal Cycle of Aerosol Emissions

As pointed out earlier, Eck et al. [2003] reported a diurnal variability in AOT retrieved by
AERONET at several sites during SAFARI 2000. This may be a result of real diurnal patterns in
the fires themselves, in which case the observations are seeing the plumes from nearby sources,
or the diurnal variability may reflect the aerosol morphology or venting from the planetary
boundary layer. In our base model where the particles were injected between 0600 UTC and
1800 UTC every day, we found a very weak diurnal cycle in the simulated AOT at individual
AERONET sites. Since we did not observe a strong diurnal trend in our base model, we
conducted two additional tests where we varied the tiﬁing of emissions throughout the day. In
one sensitivity test, we relaxed the base case diurnal cycle (referred to as “No DC” or no diurnal
cycle) by evenly distributing the aerosol emissions throughout the day. In another test, we
injected all the aerosols at the 1500 UTC timest\ep on each day (referred to as “1500 UTC”). |
Relative to the base case, changing the diurnal cycle of the aerosol emissions only had a small
effect on the model extinction profile at the lowest altitudes (between 0 and 0.5 km) and almost
no effect above that (not shown). In the test where nocturnal emissions were allowed, this
suggests that those emissions can stay near the surface at night, but are quickly mixed throughout
the boundary layer during the day. Overall, we are unable to reproduce the diurnal variability in

AQT observed by Eck et al. [2003]. It is not clear that changes in aerosol morphology throu'gh

‘any diurnal variations in the optics are to blame, as our computed aerosol optical properties agree

reasonably well with the observations available (see Section 3.2.5). Therefore, it seems more
likely that at the coarse spatialn resolution of our model and the smoke emissions from point

sources that AERONET is sensitive to are dispersed quickly in our grid.

36



794
795
796
797
798
799
800

801
802
803
804
805
806
807
808
809
810
811
812
813
814
815

816

3.2.1.3 Sensitivity to Aerosol Injection Heighi

To test the model’s sensitivity to the altitude at which ;he aerosols are initially distributed
vértically ab;)ve their source regions, we ran two additional simulations that were based on
information provided from the literature. Duxiﬁg SAFARI 2000, trace gases and aerosols over

the subcontinent were consistently observed as trapped stable layers at approximately 850 hPa

(~1.5 km), 700 bPa (~3.0 km), and 500 hPa (~5.5 km) within the lower troposphere [Stein et al.,

2003, Schmid et al., 2003, McGill et al., 2003]. The injection altitude of aerosol emissions was
assumed to be associated with buoyancy generated by thé relpase of heat in the fires, and the
amount of heat release was found to be dependent on the amount and type of vegetation being
burned, and whether the combustion was smoldering or flaming [Andreae and Merlet, 2001].
Using this information, we ran one simulation with aerosol emissions centered at three model
layers and referred to as the 3-Layers model (L?yers included: 1.42 km (0.41 km thick), 3.06 km
(0.67 km thick), and 5.64 km (6.98 km thick)). In another simulation, we emitted the aerosols
within one model layer, centered at 2.42 km (0.58 km thick) and this test is referred to as the 2
km-Layer model.

Figures 10 and 11 show mean vertical extinction profiles for the test simulations. For a
one-day comparison (Figure 10), we find that the overall Veftical profiles of the aerosol are
almost uniform with altitude. The results from the 2 km-Layer model is not ShO;Nn in Figure 10
since the results are nearly identipal to the base model. However in the 3-Layers model, the
aerosols get carried downwind more rapidly due to the higher wind speeds aloft, thereby
producing extinction values that are too low relative to the observations and base model. In
Figure 11, we compare the teéts to the monthly meaﬁ MPLNET lidar observations at Skukuza.

Here a different picture emerges where we find that the simulated vertical profiles from our two
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elevated injection tests are not similar to the base model. Instead, the aerosol appears to reside at
an ejevated altitude relative to both the base case and the observations. Our base model of
uniform mixing throughout the depth of the PBL is therefore the most comparable to the

observations.

3.2.2 Sensitivity of Simulated Aerosol Properties to Microphysical Processes
In this section we discuss the implications and limitations of various assumptions made
about the aerosol microphysics in our model, including choices of initial particle size

distribution, resolution of bin sizes, optical properties, and aerosol aging and removal processes.

3.2.2.1 Sensitivity to Treatment of Particle Size Disz;’ibution

CARMA is a bin-resolving cloud and ae\rosol microphysics module. Inéorporation of
such a module into a large-scale transport-modeling framework can easily become
computationally prohibitive. To reduce this computational expense, CARMA can be adjusted to
use the fewest number of size bins and microphysical processes necessary to carry out a given
problem. In contrast, a more typical chemical transport rﬁodel undertaking the problem we
presented here might have a greatly reduced aerosol microphysical modeling‘capability
compared to CARMA. As an example, the NASA Global Ozone Chemistry Aerosol Radiation
and Transport (GOCART) model [Chin et al. 2002] neglects the explicit treatment of aerosol
particle size distributions for carbonaceous particles, instead partitions the aerosols into
hydrophobic and hydrophilic organic carbon (OC) and black carbon (BC) components. The

subdivision of the aerosol mass to hydrophilic and hydrophobic c'omp_onents affects the aerosol

optics, as well as the aerosol lifetime since only the hydrophilic fraction is scavenged by
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precipitation. The time-scale for conversion of hydrophobic to hydrophilic aerosols in these
models is typically short (approximately 1 day) and is intended to represent condensation of
gases and water absorption onto the particles, but does not allow for explicit treatment of other
aging mechanisms such as coagulation or the treatment of the aerosol optics as internal mixtures.
On the pther rhand, it should be pointed ouf that GOCART is more complete than our model in
the sense that it treats all major tropoépheric aerosols species.

The pdncipie strength of our model is the explicit treatmeént of specific microphysical
aging processes through coagulation and sedimentation, which is a step towards evolving
internally mixed aerosol species. A question we present here is ﬁow many size bins are required
to adequately constrain our problem. Based on earlier simulations (e.g., Colarco et al. [2004]),
we chose to use 16 size bins spaced from 0.01 — 10 um radius in our base model. As a limiting
case, we also considered a case with 22 size bins spaced between 0.05 — 15 um radius which is
identical to the bin separation AERONET uses to report their size distributions. Using the
refractive index and particle size distribution retrieved on 16 September 2000 at Ndola, we
compute the Angstrdm exponent for the 440 and 870 nm wavelength pair (Ctyso/s70) and curvature
term at 380, 500, and 870 nm wavelengths (C 3g0/500/870) for the 16-bin and 22-bin cases, and then
compared the values to. the AERONET observation on this particular day. Here, we find that the
Qluaosgro 1S 1.93, 1.97, and 1.96, respectively, for the AERONET observatidn, k1 6-bin case, and 22+
bin case.‘Additionally, the curvature terms are 1.21, 1.03, and 1.12, respectively, for the same
three cases. Here, the computed Angstrém exponents are similar to the ol?served value, and
presumably the differences can mainly be attributed to actual particle non—sphéficity reflected in
the measured values. On the other hand, compared to the observations, the computed curvature

terms are approximately 20% and 10% smaller in the 16-bin case and 22-bin case, respectively.
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Note that the curvature term was defined in terms of the 380, 500, and 870 nm wavelengths, and
of those three wavelengths AERONET only retrieves refractive indices at 870 nm. Here, we
interpolate the 500 nm refractive index from the 440 and 670 nm retrieved values. Additionally,
the 380 nm refractive index is assumed to be the same as the 440 nm retrieved value, which
seems to be a reasonable assumption based on the discussion in Torres et al. [2005]. The results
of our calculations are essentially the same when we employ the wavelength independent
refractive index used in our previous base model calculations.

The discrepancy in the computed curvature terms above can be attributed to the number
of size bins used to resolve the fine mode portion of the particle size distrjibutioﬁ. We note that
there is essentially no contribution to either the Angsﬁém exponent or curvature térm from

particles smaller than 0.05 pm radius or larger than 10 pm radius. The fine mode particle

N

scattering area is primarily between particles 0.05 and 0.6 pim radius, which comprises six size

bins in our 16-bin case and nine size bins in our 22-bin case. From sensitivity tests with more

bins (not shown), we ﬁnd that increasing the number of size bins in the fine mode improves the
accuracy of the computed optics. Here we find a convergence in the 'accﬁrécy of the computed
optical properties when ten or more bins are used in the fine mode particle size distribution (i.e.,
between 0.05 and 0.7 um). The improved accuracy of the optics by adding more size bins is also
illustrated in the comparison of the initial particle size distribution simulai:ed Angstrém exponent
for the 380 and 440 nm wavelength pair, which is 1.48, 1.52, and 1.47 for the observation, 16abin
case, and 22-bin case, respectively. The discussion above focuses on the unceritainty in the
prescribed initial particle size distribution used in the model, and the model’s ability to reproduce
the observed optical properties. In the following discussion, we consider different assumptions

about the initial particle size distribution and how that evolves in the model.
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Our simplest sensitivity test is called the Mass model. Here we simply integrate the mass
across all the size bins in 6ur base model and corﬁpute the aerosol optical properties following
Chin et al. [2002], assﬁming the aerosols were completely hydrophilic because of the short
timescale for conversion. We also consider different assumptions about the initial particle size
distribution based on retrievals by AERONET (column—integréted) or measurements made by the
airbofne PCASP instrument (in situ) [Haywood et al., 2003] over smoke source regions during
the SAFARI 2000 field campaign. In the PCASP model we used a particie size distribution that .
was a fit to parameters determined from mean PCASP observations taken within a smoke plﬁme
at Otavi, Namibia on 13 September 2000. The AERONET-Mean model used a particle size
distribution that was fitted to the mean parameters of smoke dominated déys retrieved at Ndola,
Zambia by AERONET in September 2000. The 22-Bins model resolves the particle size
distribution using the AERONET reported bins as described above. Table 5 lists the model
names, input parameters that were changed in each modél, and the number fractions, geometric
standard deviations and median number radii associated with each particle size distribution.
Figure 2 presents the column-integrated volume size distributions that were implemented into the
models.

Table 2 lists the monthly mean AOTs00, O3g0/440, O, SSA4s0. SSAg70, SSAs70, and SSAig0
of smoke dominated days for selected sensitivity tests at Ndola and Inhaca. Note that not all of
the results are shown for Inhaca since they sl;ow the same conclusions as at Ndola. In general,
we find that the simulated mean AOTsgo and SSA are the most sensitive to Mass and PCASP
parameterizations. Compared_to the base model, the Mass model mean AOTsqp is approximately
50% higher at both study sites. The reason for this is that the Mass model implicitly assumes that

all the aerosol mass is in the fine mode, which has greater aerosol extinction per unit mass than
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the coarse mode. However, the low monthly mean i\.ngstrém exponent (o = 1.27) of the Mass -
model at both locations éuggests that its assumed fine mode particle size distribution hés a
slightly larger median radius thaﬁ the base model .or observations. We also find that the Mass
model is approximately 55% more absorbing than the base model at both study sites.

We also find that the PCASP model 'monthly mean AOTsqg is approximately 28% lower |
than the base model at Ndola. The high mean Angstrém exponent (& = 1.66) of the PCASP
model suggests that this model is transporting more smaller sized particles relative to ‘the base
model, but the lower mean curvature value suggests a greater relative contribution of coarse
mode particles to the total AOT. Fi gure 22 compares the simulated column-integrated volume
size distributions of the base and PCASP models to the AERONET retrieval on 16 September
2000 at Ndola. The model size distributions are\normalized to the fine mode volume
concentration retrieved by AERONET. Here we find that the PCASP model has a smaller fine
mode median radius compared to base model, but a larger volume (mass) cbnéentration at radius
sizes between 1.0 and .10 pm, which explains the higher Angstrém exponent (smaller fine mode)
but lower optical depth and curvature term (more of the mass in the coarse mode). We also find
that the PCASP model is roughly 25% more absorbing then the base model at both study sites.

The monthly mean AOTSspg, curvature term and SSA results from the AERONET-Mean
mode] were not significantly different from the basé model results at Ndola (see Table 2).
However, the mean-Angstrém exponent [380/440] of the AERONET-Mean model is higher than
the basé model suggesting tha§ the AERONET-Mean model has a smaller fine mode median
radius.

As discussed above, we find that the 22-Bins model does impact our computed optical

properties. Here we find that the monthly mean 030440 is slightly lower and the curvature value
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1s higher than the base model which has 16 size bins. These results are consistent with our
ﬁndingé of the initial calculations of the 16-bin case and 22-Bin case discussed above. We also
find that the 22-Bins model monthly mean Oi350/449 and curvature values differ from the
AERONET observations. By increasing tﬁe bin resolution of the model, we are able to obse&e
more details about the simulated particle size distribution than illustrated in the base model
alone. Here, the 0;380/440 of the 22-Bins model and AERONET obsgrvation is 1.32 and 1.43,
respectively, which suggests that the particle fine mode median radius is too large in the modelt
relative to the observations. The curvature term bf the 22-Bins model and AERONET
observation is 1.38 and 1.23, respectively, suggesting that relative to AERONET too much of the
aerosol optical thickness is due to the fine mode. This point is qualitativelyrbom out in almost all
of our simulations because the model does not maintain the observed concentration of coarse
mode particles (see Figure 22 for the 16-bin base case and discussion in Section 3.2.2.3). To
explain the lower Angstrdm exponent we recall that the initial particle size distribution already
included some effects of aging and coagulation of smoke particles so that further coagulation has
made the fine mode median radius slightly too large.

Overall, these results suggest that the transport of a size distribution and the appropriate
bin resolution of thé accumulationrmode in our model are important in order to obtain optical
propetties that are comparable to AERONET. The Mass model produced mean AOTsq Vglues
that were higher and aerosols that were more absorbing than both the base model and
AERONET at the study sites. Additionally, the Mass model has the dibsadvantage that it cannot
capture the aging of the particles as they évolve over several days. Westphal et al. [1991] and
Colarco et al. [2004] simulated the evolution of smoke clouds over several days and found that

the aerosol optical properties changed as the particles evolved by coagulation. Westphal et al.
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[1991] demonstrated that small changes in the geometric mean radius yielded large changes in -
extinction and abs_orptidn efficiencies and therefore in the specific extinction and absorption.
However, the sign of the change depended on the size distribution. Eck et al. [1999] found that
the mode size was positively correlated with the aerosol optical thickness. Reid et al. [1998]
suggested that this increase in radius was due to the aging processes of smoke aerosols, whereby
the particle size increases with time because of both coagulation and gas-to-particle conversion.
Our model does not include gas to particle conversion, but the impact of coagulation is discussed

below.

3.2.2.2 Sensitivity to Microphysical Processes

The size of the aerosol is important when calculating optical properties because different

AN

‘particle sizes scatter different amounts of radiation. Several observational studies have shown

that aerosol size distributioﬁ§ shift from fine mode particle sizes to accumulation mode particle
sizes as the aerosol ages 'due to both coagulation and gas-to-particle conversion [Reid and Hobbs,
1998; Reid et al., 1998; Eck et al., 2001; Eck et al., 2003; Haywood et al., 2003]. Simulations of
smoke aerosols over multi-day periods have also suggested that coagulation is necessary in order
io explain the change in particle size distributions and optical properties as the smoke ages
[Westphal et al., 1991; Colarco et al., 2004]. In this section, we investigate the model’s
sensitivity to coagulation by conducting a simulation where the particles were not allowed to
coagulate (referred to as the No Coagulation model).

In our No Coagulation'simulation, we find that the mean AOTsgp of smoke dominated
days is approximately 10% lower than the Ease model at Ndola. Additionally, the Angstrém

exponent is higher while the curvature term is lower relative to both the base model and the
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AERONET observations (Table 2). The computed SSA for the No Coagulation model was
slightly lower (i.e., more absorbing) than both the bése model and the AERONET observation,
although both the base and No Coagulation models are within the uncertainty of the AERONET
retrieval error bars. The interpretation of these results is rather complicated by the uncertainty in
the resolution of the spectral optical properties in our base model. At first glance, the higherr
Angstrém exponent and lower curvature values of the No Coagulation model suggest too small
of a fine mode median radius and excessive contribution from coarse mode parﬁcles to the t(;tal
AOT.‘ However,‘ initializing our model with a panicie size distribution that already includes some
aged aerosols and then allowing the particles to coagulate further exaggerates the effects of |
coagﬁlation making it difficult to reproduce the correct optical properties. Therefore, the No
Coagulation model where we already implicitly include coagulation may be a more reasonable
approximation for the aerosol optical properties over southern Africa. Here the base I;lodel is
probably more reasonable for long-range transport of the aerosols over longer periods of time,

which is consistent with Westphal et al. [1991] and Colarco et al. [2004].

3.2.2.3 Sensitivity to Removal Schemes

. The properties of smoke particles vary depending on fuel type and moisture, combustion
phase, and wind conditions. These properties can also change rapidiy as they disperse. In
general, smoke particles are composed of ~60% organic carbon and ~5-10% black carbon, 80-
90% of their volume is in the accumulation mode, re‘ported density varies between 0.79 and 1.35
g cm™>, and studies have shownr smoke particles to have a variety of morpholqgies such as chain

aggregates, solid irregulars, and more liquid/spherical shapes [Reid et al., 2004]. About ~10% of

‘the smoke volume consists of a variety of coarse mode particles (~2.5-15 pm). These coarse
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mode ash particles (2 < dp < 20 um) have been observed more than fifty kilometers from the
source [Reid et al., 2004]. However, the density and exact shapé of these giant ash particles is
unknown to our knowledge. |

Sinee the model’s volume concentrations of particles greater than 2 pim were found to be
approximétely a factor of 5 too ldw, this suggests that we are most likely not treating the large
particles correctly in our model. There are two possibilities that may explain this model error.
First, given the large uncertainty in the coarse mode of the AERONET size distribution
retrievals, we may not be representing the coarse mode particles properly in our model. Second,
our removal processes (i.e., dry deposition routine) may not be appropriate for this region.
Currently, we are treating all of the smoke particles by appiying the same particle density (1.35 g
cm ™) and spherical shape to all the particle sizes. However the coarse mode particles could
consist of ash particles, which could have low density and irregular shape. For these reasons, We
conducted two additional simulations; one in which we changed the particle density to 0.675 g
cm™ (i.e., half the base model density anci referred to as Density model) and another in which we
made the particles flat-plates by following Fuchs [1964] (referred to as Shape modél). On the
other hand, we may be using the appropriate smoke properties in our base model, however the
dry deposition parameteﬁzation used to calculate the dry deposition velocities may be removing
the Iarge’ particles in our model too vigorously. Therefore, we conducted two additional
simulations; one where we did not éll'ow the particles to be removed via dry deposition (referred
to as No Dry Dep. model) and another where we implemented an alternative method to calculate
the dry deposition velocities (.referred to as Zhang ef al. [2001] model). The alternative dry

deposition calculation we examined in this study follows the parameterization described by
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Zhang et al. [2001] which is more robust than the current dry deposition routine by Shao [2000].
In particular, the Zhang et al. [2001] considers surface type where Shao [2000] does not.

Figure 23 shows ‘the normalized daily mean column-integrated volume size distribution
retrieved by AERONET and simula‘ted by the test models at Ndola, Zambia on 16 September
2000. The model distributions are normalized to the fine volume concentration retrieved by |
AERONET. For clarity, we d1d not present the results from the Shape or Zhang et al [2001]

models since the fine mode results were similar to the base model and the coarse mode results

. were similar to the Density model. In general, we find that different particle shapes and densities,

and an alternative method in computing the dry deposition velocities improve the volume of the
coarse mode particles but not enough to be comparable to the AERONET retrievals. The
combination of all three modifications (density, shape, and dry deposition method) in a single
simulation provided results that were the most comparable to AERONET (not shown but similar
to the Density fine mode and the No Dry Dep. coarse mode). Of the results shown in Figure 23,
the only method that reproduced similar volume concentratioxis of particles greater than 2 pum
relative to AERONET was the No Dry Dep. model. Since we are able to maintain the large
particles in the No Dry Dep. model, this suggests that our model has problems transporting large
particles. On the other hand, since the initial particle size distribution in the model may represent
both local and transported aerosols, the coarse mode of the transported aerosol may have been
even more pronounced at the source. Thus, our base case may not be initialized with enough
coarse mode particles. Altogether, without more information about the properties of the coarse
mode smoke particles, in partipular about the ash particles, we do not know which method js the
most appropriate to use in our model. Further investigation of the smoke size distribution is

subject of future research.

47



1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067

1068

Of the tests conducted in this section, we found that the simulated optical properties were
significantly impacted by the change in particle density. Since we want to maintain the same
injected total particle mass, decreasing the particle density by half doubles the number of
particles injected which results in increasing both the rate of coagulation of fine mode particles
and the computed VAOT, but decreasing the cdmputed Angstrom exponent. The éptical properties
of the other tests in this section are essentially the same as the base model. The slighﬂy lower
curvature terms of these tests relative to the base model are expected and due to the additional

coarse mode particles each test provides.

3.2.2.4 Sensitivity to Smoke Optics

In this section, we investigate how the choice of refractive index and relative humidity
influences the model results. \

To examine the model’s sensitivity to choice of refractive index, we tested four different
refractive indices that are representative of biomass burning aerosols (Table 5). The refractive
indices tested here were either calculated by Haywood et al. [2003] or retrieved by AERONET.
Haywood et al. [2003] calculated a refractive index of 1.54 - 0.025; at 550 nm for young smoke
aerosols. This refractive index was applied to all wavelengths (wavelength independent (WI))
and referred to as the WI-Haywood et al. [20'03] model. We also selected a refractive index
retrieved on 16 September 2000 at Ndola by AERONET (Neeg = 1.52 - 0.019i at 500 nm). Again,
we chose this particular day since it had the highest AOTsg which sﬁggests that this day was
largely dominated by smoke aerosols. This refractive index was applied to all wavelengths and

referred to as the WI-AERONET model. We also explored wavelength dependent (WD)

refractive indices, which are listed in Table 5. The WD-AERONET model applied refractive
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indices retrieved by AERONET on 16 September, and the WD-AERONET-Mean model applied
the mean refractive indices of smoke dominated days retrieved by AERONET at Ndola, Zambia.

Here we find that the monthly mean AOTsy and Zi;ngstrém exponent [380/440] of smoke
dominated days are not significantly sensitive to the choice of complex refractive index (Téble
2). However, we did find that the simulated mean curvature values and SSA were sensitive to our
choice of refractive index (see Table 2 and Figure 24). Compared to the base model, the WI
models have higher curvature values, while the WD models have lower curvature values.
Additionally, all ‘put the WI — Haywood et al. [2003] model have higher mean SSA (i.e., more
absorbing aerosols) than the base model. Overall, we find that the WI refractive indices are the
most comparable to the AERONET observa;ions where the WD cases are not.

To test thé model’s sensitivity to relative humidity, we considered a test where we
assumed that the relaﬁve humidity at all locations was zero (referred to as No RH model).
Compared to the base model, we find that \%/hen we do not treat the humidification of aerosols,
the mean AOT500 is lower and the pérticles become more absorbing at Ndola. However, the
Angstréom exponent and curvature terms remain relatively unchanged I(Table 2).

Overall, we find that W1 refractive indices and treating relative humidity produces optical

properties that are the most comparable to AERONET observations at Ndola.

4. Conclusions

In this study, we investigated the transport and optical properties‘ of biomass burning
aerosols using a three—dimensipnal aerosol microphysical, transport, and radiation model. Our
first goal in this study was to determine if using estimated aerosol emissions, measured particle

size distributions, and estimated injection altitudes collected during the SAFARI 2000 field

49



1092

1093

1094

1095

1096

1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112

1113

campaign as input parameters in our model allowed us to reproduce the observed optical
properties. Our second goal was to better understand the microphysics needed to accurately
simulate biomass burning aerosol properties over our domain. The principle findings of our study
are summarized as follows:

1. Comparisons to AERONET AOT: We find that our base model, which uses a
satellite-derived monthly inventory of biomass burning emissions and AERONET
derived aerosol optical properties, was sufficient to reproduce the majority of the day-
to-day variability in AOT at the six AERONET sites used in this study. In certain
instances \-ffhgre the model significantly underestimated the aerosol loading with
respect to AERONET, we found from satellite imagery that the model had misplaced
the smoke plume relative to observations, suggesting errors in the model dynamics.
Sensitivity tests in which we varied\the diurnal emissions of the smoke or the timing
of emissions throughout the month using dgily satellite firecounts showed little effect

| on the daily variability of simulated AOT at thg selected AERONET locations.
Although these results do not exclude possiblle €ITorsS ih the biomass burning emission
inventory used, they suggest that the aerosol loading over the continént is most
strongly controlled by dynamics, which is consistent with results from Myhre et al.
[2003]. On a monthly basis, the model reproduces mean AOT values which are lower
than those observed at the six AERONET sites, suggesting either an uncertainty in the

magnitude of our aerosol emissions or that we are neglecting contributions from other

aerosol species.
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2. Comparisons to Satellite Observations of AOT: Comparisons of the model AOT to

satellite observations showed that our model is capable of simulating smoke plume
features similar to those observed by SeaWiFS, MODIS, MISR, and EP-TOMS over
sopthern Africa and the Atlantic Ocean. Qualitatively, this suggests that the ipput
parameters and microphysical processes in our model are adequate for this study
region. In order to quantitatively compare our model to the satellite observations we
constructed monthly mean régional AOT maps in which the mode] observations were
weighted and sampled in manner consiste;nt with the available satellite observations.
We find that the simulated monthly mean AOT is linearly correlated to the satellite
observations over the land and ocean, but that the model is consistently lower than the
satellite observations. Over land, we find that our model results compare best to
MISR with the strongest correlat;ion\s and slope nearest to 1. At the AERONET sites,
the model compares best to MISR at the four sites dominated by biomass burning,
while the model éompares best to MODIS at the two remaining sites which are
influenced by multiple aerosol sources. Over the ocean, th;a modél compares the best
to MODIS. Over both land and ocean we find the largest disagreements between the
model and EP-TOMS. These results may reflect the differences in the retrieval
technique of each satellite. Here the MISR algorithms may be more appropriate for
retrievals dominated by a single aerosol source, while the MODIS algorithms may be
more appropriate for retrievals with muitiple aerosol sources. Due to the large pixel
size of the EP-TOMS retrievals, the large disagreement between the model and EP-
TOMS may be a result of sub-pixel clouds that a1;e not being removed from their -

retrievals. While sub-pixel cloud contamination may affect all the aerosol retrievals,
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this might be expected to the most pronounced over the ocean where we find |
generally fewer pixels available for constructing our monthly means than over land.
The disagreement émong the model and satellite observations may aiso be due to the
contributions of other aerosol species to the column AOT, which might be more
pronounced over the ocean than land. Additionally, we cannot exclude the érrors in
the assumptions of the aerosol optical properties used in the satellite retrievals or in
the model. In particular, MODIS uses a different retrie{/al algorithm over land points
than over the ocean. Overall, the consistently lower AOT simulated by the model
relative to MODIS and MISR over the ocean, and the good agreement between
MODIS and MISR over the ocean suggests that the modél is missing important
aerosols or processes. However, the disagreement between MODIS an(i :MISR over

the land does not provide us with enough information to determine the model’s

performance over continental Africa.

Comparisons to Airborne and Ground-Based Measurements of Extinction: The
simulated vertical extinction profiles from our base model compare favorably to the
AATS-14, MPL, and CPL measurements. The minor differences found between the
simulations and observations on a single day may be a result of the model’s coarse
resolution and source function. Given that our source function cannot represent the
likely variations in daily smoke emissions, it is challenging to reproduce individﬁal
days. Hoywever, the model’s vertical resolution is sufficient in representing long time-

scale averaged vertical profiles. When exploring simulations with elevated aerosol
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. injections, we found that our best results were with our base model assumption of

injections uniformly mixed within the planetary boundary layer.

. Comparisons to Measurements and Retrievals of Particle Microphysical and Optical

Properties: While the bése_ model compares favorably to daily and monthly
observations of AOT by AERONET, it does not capture the daily variability in the
Angstrdm exponent and retrieved single scatter albedo. It is likely that the model |
remains consistent because of its relatively invariant aerosol composition. At the
selected sites, the observed fluctuations may be due to the diurnally varying
contributions from dust and other aerosol species that are not simulated in this study.
On a monthly mean basis, the modeled spectral dependence of the AOT and single
scatter albedo compare favorably with the AERONET observations at Ndola (and the
other smoke dominated sites) and slightly less at Inhaca (which has important
contributions from non-smoke aerosols). Comparisons of the simulated particle size
distribution to AERONET retrievals and airborne PCASP ;neasurements reveal that

the model base case evolves a slightly larger fine mode median radius than both sets

of observations. Additionally, these particle size distribution compariséns show that

the model overestimates the coarse mode particle mass relative to the elevated

altitude PCASP measurements but underestimates the coarse mode mass relative to
the AERONET retrieval. Assuming that there is no error in the AERONET volume
distribution of the coarse mode, the latter point suggests that the coarse mode

particles observed exist primarily near the surface and may not be transported over

long distances. We also found that the model is evidently too aggressive in removing
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1182 these coarse mode particles, and sensitivity tests suggest that different assumptions .

1183 | about the composition, shape, or density of the coarse mode particles would help with

1184 this issue._ On the other hand, the larger fine mode median radius in the base model )
1185 may be due fo our assumption about the initial particle size distribution, which -

1186 , already includes some effects of the smoke aging. These general points are further
1187 illustrated in the optical calculations presented in Table 2. The results of these tests
1188 indicate that the simulated optical properties are relatively insensitive té choices of
1189 particle refractive index or humidification (i.'e., composition), but are sensitive to the
1190 choice of initial particle size distribuﬁon and, as.discussed in Section 3.2.2.1, to the
1191 number of size bins used to’resolve the fine mode fraction of the particle size

1192 distribution. Here we find that initializing the model with the airborne PCASP

1193 measured particle size distribution d\oes not represent the evolution of the coarse

1194 méde, and the Mass model does not reproduce the observed optical properties.

1195 Initializing the model with the AERONET size distribution retrieved at Ndola leads to
1196 too large of a fine mode median radius relative to the observations. Overall, for a

1197 'model that treats coagulation, the implication is that the fine mode needs to be

1198 - initialized to a smaller median radius thén what is'reported by AERONET. Sensitivity -
119§ ~ tests of the optical calculations further suggest that at least ten size bins are needed to
1200 adequately resolve the optic;al properties of the evolving fine mode.

1201

1202 Since Africa experiencés the most extensive biomass burning in the world, this work is a

1203  step toward improved quantification of smoke optical properties for use in calculating the direct

1204  effects of these aerosols on climate, and suggests methods for incorporating the particle size
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1206

1207

1208

1209

1210

distribution of smoke aerosols into microphysical models attempting to simulate the aging of
smoke particles. However, we did find inconsistencies in the AOT land comparisons among
AERO}\IET, MISR, MODIS, EP-TOMS data that need to be better understood in order for us to
feel confident in using them to aid us in modeling and reducing the uncertainty in aerosol
forcing. These inccnsisfencies and further investigation of aging mechanisms inspire further

research.
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Table Captions

Table 1. Input Parameters used in Base Model

Table 2. Monthly mean AOTsgo, Oy380/440], O (380/500/870) S5 A440, SSAg70, SSAg70, SSAi020 Of
smoke dominated days from various simulations and AERONET at Inhaca and Ndola for
September 2000. |

Table 3. Presents the number of days included in the mean AOT and the méan AQT observed by
AERONET, MISR, MODIS, and simulated by the base model at the six study sites for
Septembef 2000. |

Table 4. Presents the number of days included in the mean AOT and the mean AOT observed by
AERONET, EP-TOMS, and simulated by the base model at the six study sites for September
2000.

Table 5. Sensitivity test names and modifications made relative to Base Model.
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Figure Captions

Figure la. Satellite image of the “River of Smoke” on 4 September 2000. This image shows an
example of biomass burning aerosols being transported across southern Africa and over the
Indian Ocean [Swap et al. [2003], SeaWiFS Project, NASA/Goddard Space Flight Centef, and-
ORBIMAGE].

Figure 1b. Simulated daily mean AOT at 550 nm on 4 September 2000.

~ Figure 2. Vertically column-integrated volume size distributions used in the simulations

conducted in this study. The solid black line represents the base model particle size distribution
fitted to parameters from an AERONET almucantar scan at Ndola, Zamb_ia on 16 September
2000. The gray dashed line represents the PCASP model size distribution fitted to parameters
from mean PCASP measurements at Otavi, Namibia on 13 September 2000. The gray solid line
represents the AERONET-Mean model size dis\tribution fitted to parameters from the mean
AERONET almucantar scans at Ndola, Zambia on smoke dominated déyé in September 2000.
The gray dashed line represents the‘ 22-Bins model size dis;n’bution. "P};e_parameters for each of
the models are listed in Tables 1 and 4.

Figure 3. Mean interpolated aerosol emissions using GFED dataset for September 2000 and
locations where the data used in our paper was collected.

Figure 4. Daily meaﬁ AQOTsg simulated by the base model (solid line) and Daily Emissions

model (dashed line), and all AOTsgp retrievals from AERONET (+) at each study site for

- September 2000.

Figure 5. Scatterplot of daily mean AOTsy retrieved by AERONET versus simulated daily
mean AQOTsqo for smoke dominated dayé at the six study sites for September 2000. The dashed

line represents the 1-to-1 line and the solid line represents the line of best fit through all points.
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The equation of the line of best fit and correlation coefficient (R) is reported in the figure. Each

study site is represented by a different symbol: Etosha Pan (square), Inhaca (triangle), Mongu

(diamond), Ndola (plus sign), Senanga (asterisk), and Skukuza (cross).

Figure 6. Scatterplot of daily mean SSA44 retrieved by AERONET versus simulated daily mean
SSA4‘;0 for smoke dominated days at the six study‘sites for September 2000. The dashed line
represents the 1-to-1 line and the solid line represents the line of best fit through all points. The
equation of the line of best fit and correlation coefficient (R) is reported in the figure. Each study
site is represented by a different symbol: Etosha Pan (square), Inhaca (triangk;), Mongu
(diamond), Ndola (plus sign), Senanga (asterisk), and S‘kukuza (cross). Tﬁe single bar at the top-
Jeft represents the error in the AERONET retrievals of +0.03.

Figure 7. Scatterplot of daily mean Angstrom exponent [440/870 nm] retrieved by AERONET
versus simulated daily mean Angstrdm exponent [440/870 nm] for smoke dominated days at the
six study sites for September 2000. The dashed line represents the 1-to-1 lihe and the solid line
represents the line of best fit through all points. The equation of the Iine; of best fit and
correlation coefficient (R) is reported in the figure. Each study site is /represented by a.different
symbol: Etosha Pan (square), Inhaca (triangle), Mongu (diamond), Ndola (plus sign), Senanga
(asterisk), and Skukuza (cross).

Figure 8. Monthly mean spectral dependence of AOT of smoke dominated days for September
2000 at Inhaca and Ndola. The solid lines represent the results from the base model and the
asterisks connected with a dashed line represent the AERONET retrievals.

Figure 9. Monthly mean spectral dependence of SSA of smoke dominated days for September
2000 at Inhaca and Ndola. The solid lines represent the results from the base model and the

asterisks connected with a dashed line represent the AERONET retrievals.
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Figure 10. Mean extinction profiles at Mongu and Senanga on 6 September 2000. The simulated
profiles represent the average of the results ai 0600 and 1200 timesteps, the CPL profiles
represents the average of four samples between 0800 and 1100 UTC (black line), and‘ the AATS
profiles represent one sample around 0900 UTC (red line). The blue line represents the
simulated results from the base modél, and the éréen linevrepresents the simulated‘ results from
the 3-Layers model. |
Figure 11. Mean extinction profiles at Skukuza for September 2000. Mean includes: 1-3, 6,7, 9,
10, 13, 14, 17 September 2000. Base model is represented by the solid black line, 3-Layers
model is represented by thé solid red line, 2 km-Layer model is represented by the solid blue
line, and MPL retrievals are represented by the dashed line.

Figure 12. Comparisons of monthly mean AOTssp observed by MODiS (left) and simulated by
our base model (right) for September 2000 ove; southern Africa. The hatch marks represent
locations with no data (N.D.).

Figure 13. Comparisons of monthl/yb mean AOTssp observed by MISR: (Jeft) and simulated by our
base model (right) for September 2000 over southern Africa. The hatch marks represent lqcations
with no data (N.D.).

Figure 14. Comparisons of monthly mean AOTj3g observed by EP-TOMS (left) and simulated by
our base model (right) for September 2000 over southern Africa. The hatch marks represent
locations with no data (N.D.).

Figure 15. Scatterplots of monthly mean AOTss observed by MODIS versus model. The domain
is divided into to two regions: land (left) and ocean (right). The dashed line represents the 1-to-1

line and the solid line represents the line of best fit.
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Figure 16. Scatterplots of monthly mean AOTssg observed by MISR versus model. The domain
is divided into to two regions: land (left) and ocean (right). The dashed line represents the 1-to-1
line and the solid line represents the line of best fit.

Figure 17. Scatterplots of monthly mean AGTsg) 6bse_rved by EP-TOMS versus model. The
domain is divided into to two regions: land (left) and ocean (right). The dashed line represents -
£he 1-to-1 line and the solid line represents the line of best fit.

Figure 18. Scatterplots of monthly mean AOTsso observed by MODIS vefsus MISR at points
over land (left) and ocean (right) for September 2000. The dashed line represents the 1-to-1 line
and the solid line represents the line of best fit.

Figure 19. Scatterplots of monthly mean EP-TOMS Al versus simulated -monthly mean AOT3g0
for September 2000. The geographic domain is restricted to a region dominated by biomass

burning aerosols (5°S to 20°S and 10°W to 35°E) and then separated into land (left) and ocean

(right) points. The solid lines in both figures represent the line of best fit. The dashed line in land

plot represents the regression line from the comparison of AERONET AOT3g and EP-TOMS Al
over smoke dominated locations in September 2000:

Figure 20. Daily mean column-integrated volume size distribution simulated by the base model
(solid line) and the daily mean column-integrated volume size distribution fitted to parameters
from AERONET almucantar scans (dashed line) at Etosha Pan on 13 September 2000. The
model size distribution is normalized to the fine volume concentration of the AERONET
retrieval.

Figure 21. Daily mean volume size distribution simulated by the base model (solid line) and the
volume size distribution fitted. to parameters reported by Haywood et ai. [2003] which are |

representative of average PCASP measurements within an aged smoke (dashed line) at Etosha
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Pan on 13 September 2000. The model size distribution is normalized to the fine volume
concentration of the PCASP measurement.
Figure 22. Normalized column-integrated daily mean volume size distributions at Ndola, Zambia -

on 16 September 2000. The model size distributions are normalized to the fine volume

concentration of the AERONET retrieval. The black solid line represents the base model, gray

solid line represents the PCASP model, and the dashed black line represents the AERONET

retrieval.

Figure 23. Normalized daily mean column-integrated AERONET and simulated volﬁme size -
distributions at Ndola, Zambia on 16 September 2000. The model size distributions are
nomélized to the fine volume concentration of the AERONET retrieval. The solid black line
represents the base model, gray line represents Density model, the gray dashed line representé )
the No Dry Dep. model, and the dashed black line represents the AERONET retrieval.

Figure 24. AERONET and simula’;ed mean épectral dependence of SSA of smoke dominated
days for September 2000 at Inhaca and Ndola. The solid line represents the results from the Base
model, the dotted line represents the WD-AERONET model, the dashed-dotted line represents

the WI-AERONET model, the dashed line represents the WD-AERONET-Mean model, and the

asterisks connected with dashed line represent the AERONET retrievals.
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Table 1. Input Parameters used in Base Model.

Microphysical Processes

Advection
Coagulation .
Dry Deposition
Wet Removal
Sedimentation

Emission Dataset

GEED [van der Werf et al., 2003]

Emission Factor: 10 g TPM/kg of DM

Emission Rate over Entire

Constant throughout month

August: 2.05¢-7 g cm ™ ™!

Model Domain September: 3.64e~7 gcm ™ 5™
L . . Peak height of the MATCH PBL ranged between 1
Injection Height Mixed between Surface & PBLH km and 3.7 km at the study six sites
Diurnal Cycle Aerosol emitted for 12-hour period during daylight hours
Particle Density 135gcm™
Radius Range [pm] # Bins Mode N; ry [pm] C
Initial Size Distribution , : 1 -0.99986 0.079 1.
' " 0.01to 10 16 '
2 0.00014 0.695 2.

Dependence of Size on
Relative Humidity

Follows parameterization described by Magi & Hobbs [2003]

Refractive Index

Wavelength independent

Niee = 1.51-0.024i




0LST

. Table 2. MOl'lthly mean AOT500, (X[38()/.?40], o [380/500/870]> SSAu0, SSA67Q, SSA370, and SSA1020 of smoke dominatec
days from various simulations and AERONET at Inhaca and Ndola for September 2000.

Site Case AOT o o SSA | SSA | SSA | SS
[500] | [380/440] | [380/500/870] | [440] | [670] | [870] | [10:
Inhaca | AERONET 0.49 1.30 0.41 0.89 | 0.87 | 0.85 | 0
Base | 0.54 1.28 1.31 0.89 | 0.86 | 0.83 | 0
Mass 0.78 1.27 1.11 0.82 | 0.78 | 0.73 | 0
Ndola | AERONET 078 | 143 1.23 0.87 | 0.85 | 0.82 | 0s
Base 0.59 1.38 1.24 0.80 | 0.86 | 0.82 | 0.
Mass 0.89 1.27 1.11 0.83 | 0.79 | 0.73 | 0.
22 - Bins 061 | - 1.32 1.38 0.89 | 0.86 | 0.83 | 0
AERONET - Mean 0.58 1.46 1.23 0.80 | 0.85 | 0.81 | 0
PCASP 0.43 1.66 0.64 0.87 | 0.82 | 0.78 | 0.
No Coagulation 0.55 1.52 1.11 0.88 | 0.85 | 0.81 | 0.
WI ~ Haywood et al. [2003] 0.64 1.29 1.36 0.89 | 0.86 | 0.83 0.¢
WI — AERONET 0.60 1.38 1.31 0.91 | 0.88 | 0.86 | 0
WD — AERONET 0.60 1.38 1.21 0.91 | 0.90 | 0.87 | 0
WD — AERONET — Mean 0.59 1.38 1.15 0.89 | 0.88 | 0.85 | 0.
No RH 0.54 1.36 1.22 0.88 | 0.84 | 0.80 | 05
Density 1.23 1.25 1.27 0.89 | 0.86 | 0.83 | 0.
Shape 0.58 1.38 1.20 0.89 | 0.86 | .0.82 | 0.
No Dry Dep. 0.62 1.35 1.19 0.89 | 0.85 | 0.82 | 0
Zhang et al. [2001] 0.56 1.36 1.20 0.89 | 0.86 | 0.82 | 0.
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Table 3. Presents the number of days included in the mean AOT and the mean AOT observed by
AERONET, MISR, MODIS, and simulated by the base model at the six study sites for September 2000.

Site # of Days | Model [550] | MISR [550] | MODIS [550] | AERONET {500]
Etosha Pan 7 0.38 0.37 0.68 0.51 '
Inhaca 6 0.36 0.28 0.37 0.38
Mongu 7 0.59 0.54 0.65 0.79
Ndola 6 0.49 0.47 0.62 0.80
Senanga 7 0.60 0.54 0.73 0.75
Skukuza 5 0.46 0.37 0.47 0.30

Table 4. Presents the number of days included in the mean AOT and the mean AOT observed by

AERONET, EP-TOMS, and simulated by the base model at the six study sites for September 2000.

Site # of Days Model [380] EP-TOMS [380] AERONET [380]
Etosha Pan 23 0.50 - 0.71 0.54
Inhaca 11 0.61 0.51 0.58
Mongu 20 1.05 1.18 1.35
Ndola 18 1.02 1.11 1.15
Senanga 18 1.07 0.83 1.16
Skukuza 11 0.67 0.53 0.69
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Table 5. Sensitivity test names and modifications made relative to Base Model.

Model Name Parameter Changed in Base Model New Parameter
1 0.9957 0.10 um 1.2
Size Distribution (Mode/Number p
PCASP Fraction/Radius[N}/Std. Dev.) 2 00041 022pm | L.
: 3 ’ 0.0002 1.00 pm 1.
Size Distribution (Mode/Number 1 0.9999 0.08 pm 1.2
AERONET - Mean Fraction/Radius[N}/Std. Dev.) 2 0.0001 0.73 um 2.1

Mass Size Distribution Transport mass following Chin et al. [2001]
27 - Bins Radius Ra.ng-e 0.05t0 15 ym
: Number of Size Bins 22 Size Bins
'3 Layers Injection Height Aerosols emitted in three model layers (1.5/3/5 km
2 km-Layer Injection Height Aerosols emitted in one model layer (2 km)
No DC Diurnal Cycle Aerosols emitted evenly throughout the day
1500 UTC Diurnal Cycle Aerosols emitted at 1500 UTC time step each day
Daily Emissions Emission Rate GFED emissions linked to ATSR Fire Count Data
No Coagulation Microphysical Protess No Coagulation '
No RH Relative Humidity Relative Humidity assumed to be zero
WI — Haywood et al. [2003] Refractive Index (A/N.p) Wavelength Independent 1.54-0.025i
WI - AERONET Refractive Index (AN Wavelength Independent 1.52-0.019i
- 380 nm 1.51-0.024
: ‘ 440 nm 1.51-0.024i
WD ~ AERONET- Mean Refractive Index (A/Niyep) 670 nm 1.52-0.020:
870 nm 1.53-0.020¢
1020 nm 1.54-0.016i
380 nm 1.52-0.019i
440 nm 1.52-0.019{
WD — AERONET Refractive Index (A/N,) 670 nm 1.52-0.016i
870 nm 1.53-0.017¢
1020 nm - 1.53-0.016¢
Density Density of Particle Density: 0.675 g/lcm®
Shape Shape of Particle Particle Shape: Flat Plates
No Dry Dep. Microphysical Process No dry deposition in model

Zhang et al. {2001]

.Microphysical Process

Dry deposition routine from Zhang et al. [2001]




1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597

1598

1599
1600

1601

Figure 1a. Satellite image of the “River of Smoke” on 4 September 2000. This image shows an

example of biomass burning aerosols being transported across southern Africa and over the
Indian Ocean [Swap et al. [2003], SeaWiFS Project, NASA/Goddard Space Flight Center, and

Figure 1b. Simulated daily mean AOT at 550 nm on 4 September 2000.
September 4, 2000 - Model
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Figure 2. Vertically column-integrated volume size distributions used in the simulations
conducted in this study. The solid black line represents the base model particle size distribution
fitted to parameters from an AERONET almucantar scan at Ndola, Zambia on 16 September
2000. The gray dashed line represents the PCASP model size distribution fitted to parameters
from mean PCASP measurements at Otavi, Namibia on 13 September 2000. The gray solid line
represents the AERONET-Mean model size distribution fitted to parameters from the mean
AERONET almucantar scans at Ndola, Zambia on smoke dominated days in September 2000.
The gray dashed line represents the 22-Bins model size dlstnbutlon The parameters for each of
the models are listed in Tables 1 and 4.
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Figure 3. Mean interpolated aerosol emissions using GFED dataset for September 2000 and
locations where the data used in our paper was collected.
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Figure 4. Daily mean AOTsg simulated by the base model (solid line) and Daily Emissions
model (dashed line), and all AOTs retrievals from AERONET (+) at each study site for

September 2000.
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Figure 5. Scatterplot of daily mean AOTs5 retrieved by AERONET versus simulated daily
mean AOTSsgo for smoke dominated days at the six study sites for September 2000. The dashed
line represents the 1-to-1 line and the solid line represents the line of best fit through all points.
The equation of the line of best fit and correlation coefficient (R) is reported in the figure. Each
study site is represented by a different symbol: Etosha Pan (square), Inhaca (tnangle) Mongu
(diamond), Ndola (plus sign), Senanga (asterisk), and Skukuza (cross).
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Figuré 6. Scatterplot of daily mean SSAyq retrieved by AERONET versus simulated daily mean
SS Ay for smoke dominated days at the six study sites for September 2000. The dashed line

represents the 1-to-1 line and the solid line represents the line of best fit through all points. The

equation of the line of best fit and correlation coefficient (R) is reported in the figure. Each study
site is represented by a different symbol: Etosha Pan (square), Inhaca (triangle), Mongu
(diamond), Ndola (plus sign), Senanga (asterisk), and Skukuza (cross). The single bar at the top-
left represents the error in the AERONET retrievals of +0.03.
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Figure 7. Scatterplot of daily mean Angstrém exponent [440/870 nm] retrieved by AERONET
versus simulated daily mean Angstrdm exponent [440/870 nm] for smoke dominated days at the
six study sites for September 2000. The dashed line represents the 1-to-1 line and the solid line
represents the line of best fit through all points. The equation of the line of best fit and
correlation coefficient (R) is reported in the figure. Each study site is represented by a different
symbol: Etosha Pan (square), Inhaca (triangle), Mongu (diamond), Ndola (plus sign), Senanga
(asterisk), and Skukuza (cross). ‘
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Figure 8. Monthly mean spectral dependence of AOT of smoke dominated days for September
2000 at Inhaca and Ndola. The solid lines represent the results from the base model and the
asterisks connected with a dashed line represent the AERONET retrievals.
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Figure 9. Monthly mean spectral dependence of SSA of smoke dominated days for September .
2000 at Inhaca and Ndola. The solid lines represent the results from the base model and the
asterisks connected with a dashed line represent the AERONET retrievals.
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Figure 10. Mean extinction profiles at Mongu and Senanga on 6 September 2000. The simulated
profiles represent the average of the results at 0600 and 1200 timesteps, the CPL profiles
represents the average of four samples between 0800 and 1100 UTC (black line), and the AATS
profiles represent one sample around 0900 UTC (red line). The blue line represents the
simulated results from the base model, and the green line represents the simulated results from

the 3-Layers model.
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Figure 11. Mean extinction profiles at Skukuza for September 2000. Mean inch;des: 1-3,6,7,9,
10, 13, 14, 17 September 2000. Base model is represented by the solid black line, 3-Layers
model is represented by the solid red line, 2 km-Layer model is represented by the solid blue

line, and MPL retrievals are represented by the dashed line.
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Figure 12. Comparisons of monthly mean AOTssy observed by MODIS (left) and simulated by .
our base model (right) for September 2000 over southern Africa. The hatch marks represent

- locations with no data (N.D.).
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Figure 13. Comparisons of monthly mean AOTss, observed by MISR (léft) and simulated by our
base model (right) for September 2000 over southern Africa. The hatch marks represent locations
with no data (N.D.).
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Figure 14. Comparisons of monthly mean AOT3g observed by EP-TOMS (left) and simulated by
our base model (right) for September 2000 over southern Africa. The hatch marks represent
locations with no data (N.D.).
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1689  Figure 15. Scatterplots of monthly mean AOTSsso observed by MODIS versus model. The domain
is divided into to two regions: land (left) and ocean (right). The dashed line represents the 1-to-1
line and the solid line represents the line of best fit.
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Figure 16. Scatterplots of monthly fnean AQTssp observed by MISR versus model. The domain
is divided into to two regions: land (left) and ocean (right). The dashed line represents the 1-to-1
line and the solid line represents the line of best fit.
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Figure 17. Scatterplots of monthly mean AOTj3s0 observed by EP-TOMS versus model. The
domain is divided into to two regions: land (left) and ocean (right). The dashed line represents
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Figure 18. Scatterplots of monthly mean AOTssg observed by MODIS versus MISR at points .
over land (left) and ocean (right) for September 2000. The dashed line represents the 1-to-1 line
and the solid line represents the line of best fit.
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Figure 19. Scatterplots of monthly mean EP-TOMS Al versus simulated monthly mean AOT3g

for September 2000. The geographic domain is restricted to a region dominated by biomass
burning aerosols (5°S to 20°S and 10°W to 35°E) and then separated into land (left) and ocean

(right) points. The solid lines in both figures represent the line of best fit. The dashed line in land
plot represents the regression line from the comparison of AERONET AOT3g0 and EP-TOMS Al

over smoke dominated locations in September 2000.
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Figure 20. Daily mean column-integrated volume size distribution simulated by the base model
(solid line) and the daily mean column-integrated volume size distribution fitted to parameters
from AERONET almucantar scans (dashed line) at Etosha Pan on 13 September 2000. The
model size distribution is normalized to the fine volume concentration of the AERONET
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Figure 21. Daily mean volume size distribution simulated by the base model (solid line) and the
volume size distribution fitted to parameters reported by Haywood et al. [2003] which are
representative of average PCASP measurements within an aged smoke (dashed line) at Etosha
Pan on 13 September 2000. The model size distribution is normalized to the fine volume
concentration of the PCASP measurement.
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1730  Figure 22. Normalized column-integrated daily mean volume size distributions at Ndola, Zambia
1731  on 16 September 2000. The model size distributions are normalized to the fine volume .

1732 - concentration of the AERONET retrieval. The black solid line represents the base model, gray
1733 solid line represents the PCASP model, and the dashed black line represents the AERONET
1734 retrieval. :
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1737  Figure 23. Normalized daily mean column-integrated AERONET and simulated volume size
1738  distributions at Ndola, Zambia on 16 September 2000. The model size distributions are
1739  normalized to the fine volume concentration of the AERONET retrieval. The solid black line
1740  represents the base model, gray line represents Density model, the gray dashed line represents
1741  the No Dry Dep. model, and the dashed black line represents the AERONET retrieval.
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Figure 24. AERONET and simulated mean spectral dependence of SSA of smoke dominated

‘days for September 2000 at Inhaca and Ndola. The solid line represents the results from the Base

model, the dotted line represents the WD-AERONET model, the dashed-dotted line represents
the WI-AERONET model, the dashed line represents the WD-AERONET-Mean model, and the
asterisks connected with dashed line represent the AERONET retrievals.
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